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- f l uo rescen t  penetrant  i nspec t i on  
- hot-pressed s i  1 i c o n  n i  tri de 
- modulus o f  rup tu re  
- nondest ruc t ive  eva lua t ion  
- photoacoust i  c microscopy - r e a c t i o n  bonded s i l i c o n  n i t r i d e  - r o o t  mean square 
- styrene d i v i n y l  benzene 
- s ide  d r i l l e d  holes 
- s ignal - to-noise r a t i o  - top  d r i l l e d  holes 
- thermal d i f f u s i o n  l eng th  
- subsurface l o c a t i o n  o f  t he  f l a w  from the  top  
i n t e r r o g a t i n g  sur face o f  the  specimen 
v i  
I. SUMMARY 
Successful u t i l i z a t i o n  o f  s t r u c t u r a l  ceramic ma te r ia l s  i n  heat engines depends 
on r e l i a b l e  f a i l u r e  and l i f e  p r e d i c t i o n  schemes, both o f  which r e q u i r e  detec- 
t i o n  and c h a r a c t e r i z a t i o n  o f  minute s t reng th -con t ro l l i ng  sur face and subsurface 
f laws o f  10-250 micron s ize .  Photoacoustic microscopy (PAM) has been shown t o  
de tec t  such f a i l u r e  i n i t i a t i n g  de fec ts  i n  s i l i c o n  base ma te r ia l s .  
t i v e  o f  t he  NASA funded Nondestruct ive Evaluat ion o f  S t r u c t u r a l  Ceramics by 
Photoacousti c Microscopy (PAM) program was ( 1  1 t o  develop a photoacoust i  c m i  c- 
roscopy imaging system, ( 2 )  t o  sequen t ia l l y  charac ter ize  s i l i c o n  n i t r i d e  mater- 
i a l  i n  green, as- f i red ,  and machined stages o f  ceramic f a b r i c a t i o n  process, 
and ( 3 )  t o  de tec t  and p r e d i c t  f a i l u r e  i n i t i a t i n g  defects  i n  s i l i c o n  n i t r i d e .  
The objec- 
A PAM d ig1  t a l  da ta  acqui s i  t i o n ,  imaging, and ana lys is  sys tem was successful  l y  
developed and used du r ing  t h i s  program. Menu d r i ven  a lgor i thms were developed 
i n  machine language and implemented f o r  r a p i d  data a c q u i s i t i o n  and image p r -  
ocessing. The sys tem i s  capable o f  c r e a t i n g  16 c o l o r  images w i t h  magnif ica- 
t i o n ,  s c r o l l  images i n  a l l  f o u r  d i r e c t i o n s  on the  CRT screen, and th resho ld  
acqui red PAM s igna ls .  I n  add i t i on ,  f l a w  loca t i on ,  s ize,  and the  detected PAM 
s igna l  can be q u a n t i f i e d .  
Reference standards o f  s i  1 i con  n i  trl de mater1 a1 w e r e  f a b r i  cated a t  t he  var ious 
stages o f  process ing and examined t o  op t im ize  experimental PAM parameters t o  
de tec t  sur face and subsurface f laws i n  unknown specimens. The r e s u l t s  a re  the  
fol lowing: 
o The photoacoust ic  cha rac te r i za t i on  o f  t he  green ma te r ia l  revealed t h a t  the  
ma te r ia l  i s  v o l a t i l i z e d  and removed by the  l a s e r  energy, thus s i g n i f i c a n t l y  
l i m i t i n g  the  use o f  PAM as an in-process nondest ruc t ive  eva lua t i on  tech- 
nique. Surface holes o f  100 micron nominal d iameter were  detected. Sub- 
sur face  holes were undetected even w i t h i n  one thermal d i f f u s i o n  l eng th  i n -  
d i c a t i n g  t h a t  the  thermal waves are  r a p i d l y  dampened and at tenuated by the 
open m ic ros t ruc tu re  o f  the  green ma te r ia l .  
detected and discerned w i t h  a r e s o l u t i o n  o f  8 pm i n  machined 
o Simulated sur face holes o f  130 pm diameter x 28 pm depth w e r e  r e a d i l y  
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s in te red  s i l i c o n  n i t r i d e .  
e a r l y  up t o  a sur face f l a w  depth o f  one thermal d i f f u s i o n  length .  
measured f l a w  s i z e  was comparable t o  the  ac tua l  f l a w  s i z e  i n  bo th  the  
x- and y -d i rec t i ons  w i t h  an o f f s e t .  
detected up t o  a depth o f  570 micron below the  i n t e r r o g a t i n g  sur face i n  
s i n t e r e d  s i l i c o n  n i t r i d e .  Seeded vo ids o f  20-30 micron s i z e  loca ted  a t  
t he  sur face and 50 micron below the  i n t e r r o g a t i n g  sur face w e r e  detected i n  
s i n t e r e d  s i l i c o n  n i t r i d e  both by PAM and microradiography w i t h  1% x-ray 
th ickness s e n s i t i v i t y .  
depth were detected i n  machined s i  1 i con  n i t r i d e .  
The magnitude o f  the  PAM s ignal  increased l i n -  
The PAM 
o I t  was demonstrated t h a t  subsurface holes o f  up t o  440 micron diameter w e r e  
T igh t  sur face cracks 96 micron l eng th  x 48 micron 
Subsurface holes 250 micron diameter 1.00 mm below the  i n t e r r o g a t i n g  sur face 
w e r e  detected i n  a s - f i r e d  s in te red  s i l i c o n  carbide. 
Green, a s - f i r e d ,  and machined s i l i c o n  n i t r i d e  specimens were c h a r a c t e r i z e d  
us ing  the  opt imized PAM parameters. The ma te r ia l  was v o l a t i l i z e d  i n  green 
specimens suggest ing t h a t  PAM i s  no t  a v i a b l e  technique i n  the  green s ta te .  
Examination o f  the  s in te red  as - f i r ed  specimen surfaces d isc losed the  presence 
of  l i n e a r  shal low microcracks i n  the  pho toacous t i ca l l y  examined reg ion  suggest 
i n g  t h a t  the  ma te r ia l  was damaged by PAM c h a r a c t e r i z a t i o n  i n  the  green s ta te .  
Photoacoust ic microscopy detected 10 t o  100 micron s i z e  sur face and subsurface 
pores and i n c l u s i o n s ,  respec t i ve l y ,  up t o  80 micron below the  i n t e r r o g a t i n g  
sur face i n  machined s in te red  s i l i c o n  n i t r i d e .  
could no t  be p red ic ted  a p r i o r i  because a l a r g e  number of competing PAM s igna ls  
of equal or grea te r  magnitude from o ther  f laws w e r e  a l s o  present .  
temperature f l e x u r a l  s t reng th  o f  machined s in te red  s i l i c o n  n i t r i d e  was 685.3 
MPa w i t h  a Weibul l  modulus (m> o f  6 . 5 .  Frac ture  was c o n t r o l l e d  by sur face and 
subsurface pores and inc lus ions .  
The f a i l u r e  c o n t r o l l i n g  s i t e s  
The room 
C o r r e l a t i o n  s tud ies  revealed t h a t  f l a w  c h a r a c t e r i s t i c s  have a s i g n i f i c a n t  a f -  
f e c t  on f l a w  de tec t i on  by var ious  NDE techniques. 
detected f rac tu re  c o n t r o l l i n g  f laws i n  s u b s t a n t i a l l y  more specimens than micro- 
radiography and u l t r a s o n i c  techniques. The magnitude of the  photoacoust ic s ig -  
na l  va r ied  randomly for  a g iven f l a w  depth, leng th ,  aspect r a t i o ,  and f l e x u r a l  
Photoacoust ic microscopy 
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s t reng th  w i t h  no trend. 
t i o n  w i t h  mixed r e s u l t s  i n  the y -d i rec t i on .  
The f l a w  s i z e  was overpred ic ted  by PAM i n  the  x-d r e c -  
Overa l l ,  t h e  goals o f  t he  program f o r  s in te red  ma te r ia l  were success fu l l y  a t -  
ta ined. A PAM imaging system was developed and implemented t o  de tec t  f r a c t u r e  
c o n t r o l l i n g  flaws o f  10 t o  250 microns i n  s ize.  Add i t i ona l  t h e o r e t i c a l  and 
q u a n t i t a t i v e  work i s  needed t o  develop a b e t t e r  understanding o f  t he  r e l a t i o n -  
sh ip  between t h e  PAM s igna l  and f r a c t u r e  c o n t r o l l i n g  f l a w  c h a r a c t e r i s t i c s  be- 
fo re  defects can be i d e n t i f i e d  a p r i o r i .  This work has provided a f i r m  basis 
and d i r e c t i o n  f o r  f u t u r e  e f f o r t s  t o  f u r t h e r  develop photoacousti  c microscopy 
and o t h e r  thermal wave imaging methods f o r  s t r u c t u r a l  ceramic ma te r ia l s .  
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11. INTRODUCTION 
Po lyc rys ta l  11 ne s i  11 con base s t r u c t u r a l  ceramic mater i  a1 s are  c u r r e n t l y  be i  ng 
used t o  develop h o t  f low-path components i n  v e h i c u l a r l i n d u s t r i a l  gas t u r b i n e  
engines. I t  was recognized e a r l y  i n  the  Ceramic App l i ca t i ons  i n  Turbine En- 
gines (CATE) program t h a t  t he  successful  use o f  these b r i t t l e  ceramics can o n l y  
be achieved wi th  t h e  advent o f  r e l i a b l e  f a i l u r e  and l i f e  p r e d i c t i o n  schemes, 
both o f  which r e q u i r e  de tec t i on  and cha rac te r i za t i on  o f  minute strength-con- 
t r o l l i n g  sur face and subsurface f laws (e.g., voids,  cracks, and i n c l u s i o n s )  o f  
10-250 micron s ize .  
the  var ious  stages o f  t he  f a b r i c a t i o n  process, a re  genera l l y  respons ib le  fo r  
the  wide v a r i a b i l i t y  i n  f l e x u r a l  s t rength.  Nondestruct ive de tec t i on  o f  these 
f laws can screen ou t  d e f e c t i v e  p a r t s  and s u b s t a n t i a l l y  reduce v a r i a b i l i t y ,  of- 
f e r i n g  the  p o t e n t i a l  f o r  increased opera t ing  stresses. 
dressed both under the  CATE ( R e f  1) and AGT 100 programs. Advanced nondestruc- 
t i v e  eva lua t i on  (NDE) techniques, such as h igh  frequency u l t r a s o n i c s  (Ref 21 ,  
p r o j e c t i o n  microradiography, u l t r a s o n i c  v e l o c i t y  ( R e f  31,  and photoacoust ic  
microscopy (PAM) were  used t o  cha rac te r i ze  s t r u c t u r a l  ceramic ma te r ia l s  and 
components. 
the  most s e n s i t i v e  NDE techniques f o r  de tec t i ng  t i g h t  sur face cracks (Ref 4 
and 5) i n  f l a t  s t r u c t u r a l  ceramic specimens. I t  was demonstrated ( R e f .  6) t h a t  
20 t o  50 micron s i z e  sur face and near subsurface f r a c t u r e  c o n t r o l l i n g  na tu ra l  
pores can be detected i n  i n j e c t i o n  molded a lpha s i l i c o n  carb ide  ceramic t u r b i n e  
blades by PAM. 
t e s t i n g .  
These inhe ren t  f laws, which a re  normal ly  in t roduced du r ing  
The problem was ad- 
Many workers have shown t h a t  photoacoust ic microscopy i s  one of 
These flaws p r e c i p i t a t e d  the  f a i l u r e  o f  blades du r ing  b u r s t  
The photoacoust ic  e f f e c t  (Ref 7) i s  dependent n o t  o n l y  on the  ma te r ia l  o p t i c a l  
p roper t i es ,  b u t  a l s o  on i t s  thermal c h a r a c t e r i s t i c s .  When a beam o f  in tense 
energy such as a l a s e r  i s  focused, modulated and scanned across a sample, i t  
i s  absorbed a t  o r  near the  surface, and p e r i o d i c  sur face hea t ing  r e s u l t s  a t  
t he  modulat ion frequency. This  p e r i o d i c  heat ing  produces h i g h l y  damped and 
d i f f u s i v e  thermal waves i n  the  heated reg ion  o f  the  ma te r ia l  and causes sur face 
temperature o s c i l l a t i o n s .  I n  gas-ce l l  PAM, these o s c i l l a t i o n s  on the  sample 
sur face cause v a r i a t i o n s  i n  the  gas pressure i n s i d e  the  c losed c e l l ,  which are 
detected by a microphone as an acous t ic  s igna l .  Gas-cell photoacoust ic  micro- 
scopy i s  a thermal wave imaging method. 
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Flaw de tec t i on  and depth o f  pene t ra t i on  o f  the  thermal waves i n  photoacoust ic  
microscopy depends on the  thermal d i f f u s i v i t y  (a) o f  the  ma te r ia l  and the  
modulat ion frequency ( f)  o f  t he  o p t i c a l  source, such as a l ase r ,  bo th  of which 
a f fec t  t h e  thermal d i f f u s i o n  l eng th  (ps) as g iven below: 
The photoacoust ic  s igna l  i s  a complex s igna l  and has both magnitude and phase. 
The depth o f  pene t ra t i on  i n  the  magnitude mode I s  approximately 1 t o  1.5 t i m e s  
the  thermal d i f f u s i o n  l eng th  and tw ice  t h a t  i n  the phase mode. The s p a t i a l  
( l a t e r a l )  r e s o l u t i o n  a t  t he  sur face i s  c o n t r o l l e d  by the  foca l  spot diameter 
o f  t he  l a s e r  beam and i n  the  subsurface reg ion  i s  l i m i t e d  by the  s ize ,  depth, 
and spacing between the  f laws r e l a t i v e  t o  the  thermal d i f f u s i o n  length .  
the  extreme near f i e l d ,  however, the  i n t r i n s i c  r e s o l u t i o n  i s  a f u n c t i o n  o f  f l a w  
c h a r a c t e r i s t i c s  and independent o f  the  thermal d i f f u s i o n  l eng th  (Ref 8 ) .  
I n  
The purpose o f  t h i s  program was t o  f u r t h e r  the  s tate-of - the-ar t  o f  photoacous- 
t i c  microscopy technology and app ly  i t  a t  the  var ious stages o f  the  f a b r i c a t i o n  
process o f  s t r u c t u r a l  ceramic ma te r ia l s  t o  de tec t  de fec ts  t h a t  can cause low 
s t reng th  and premature f a i l u r e .  
f o l l o w i n g :  
The s p e c i f i c  goals o f  the  program were the  
o develop a computerized photoacoust ic microscopy da ta  a c q u i s i t i o n ,  imaging, 
o develop a c a p a b i l i t y  f o r  de tec t i ng  vo ids and inc lus ions  ranging i n  s i z e  
and analysis sys tem 
from 10 pm t o  250 pm a t  depths ranging from 40 pm t o  1 mm, respec- 
ti ve ly ,  f rom the  specimen sur face be i  ng i nter rogated  
o develop a c a p a b i l i t y  f o r  de tec t i ng  surface connected cracks 
o demonstrate the  a b i l i t y  o f  NDE t o  p r e d i c t  the  f a i l u r e  s i t e  on MOR bars con- 
t a i  n i  ng n a t u r a l  f 1 aws 
These broad ob jec t i ves  were addressed i n  a sequent ia l  approach as shown i n  Fig- 
u re  1 by c h a r a c t e r i z i n g  s i l i c o n  n i t r i d e  ma te r ia l  i n  green, as- f i red ,  and ma- 
chined s ta tes  t o  determine the  e f fec t i veness  o f  photoacoust i  c microscopy as an 
in-process NDE technique and t o  de tec t  f a i l u r e  i n i t i a t i n g  f laws.  The techn ica l  
work conducted under t h i s  program i s  descr ibed i n  d e t a i l  i n  t he  f o l l o w i n g  sec- 
t 




























Q , .  
V c  
o m  
L* 
nL 
I Q ,  c u  
- l e  E en 
r w  
c'p 
3- 

























The s i n t e r e d  s i  1 i c o n  n i  tri de specimens exam! ned i n t h i  s study were f a b r i  cated 
by NASA-Lewis Research Center. 
was f i r s t  s i f t e d  w i t h  ethanol  through a 20 micrometer s ieve. 
was then combined w i t h  Y203 and Si02 powder add i t ions ,  and 100 g charges 
were m i l l e d  f o r  100 hr  i n  r e a c t i o n  bonded s i l i c o n  n i t r i d e  (RBSN) m i l l s  us ing  
hot-pressed s i  l l c o n  n i t r i d e  (HPSN) media and ethanol .  The ground s l u r r y  was 
s i f t e d  through a 10 micrometer s ieve and then d r i e d  i n  a d r y i n g  apparatus em- 
p l o y i n g  a heated water bath and a vacuum connect ion f o r  removal o f  ethanol  va- 
por.  
l l O " C ,  crushed w i t h  an agate mortar  and pes t l e ,  and s i f t e d  through a 149 micro- 
m e t e r  s ieve.  The s p e c i f i c  sur face area determined by the  BET method was 19.0 
m /g. Th is  powder was then die-pressed i n t o  bars a t  21 MPa. The die-pressed 
bars measured 3.81 x 0.79 x 0.52 cm and weighed 2,6 g each. 
vacuum sealed i n  l a t e x  tub ing  and i s o s t a t i c a l l y  co ld  pressed a t  414 MPa. 
The s t a r t i n g  AME h igh  p u r i t y  S13N4 powder 
The S i3N4  
The s o f t l y  agglomerated powders were f u r t h e r  d r i e d  i n  a vacuum oven a t  
2 
The bars were  then 
F o r t y - f i v e  green s i l i c o n  n i t r i d e  bars were f a b r i c a t e d  by NASA and sent t o  A l -  
l i s o n .  
0.75 cm x 0.5 cm and 2.56 gm, respec t i ve l y .  Subsequent t o  A l l i s o n  eva lua t ion  
o f  the  green bars,  they  were s in te red  a t  2150'C f o r  2 h r  under 5.0 MPa n i t rogen  
pressure.  For ty - four  s i n t e r e d  s i  11 con n i t r i d e  bars w i  t h  as - f i  r ed  surfaces w e r e  
re tu rned by NASA. The average dimensions of the  specimens were  3.0 cm.x 0.62 
cm x 0.42 cm and the  d e n s i t y  was 3.25 gms/cc. 
amined by A l l i s o n .  
Somerv i l le ,  Massachusetts. 
cm x 0.28 cm w i t h  a sur face f i n i s h  o f  0.2 pm (8 p in . )  rms. The average 
d e n s i t y  was 3.243 gmslcc. 
e led. 
The average dimensions and d r y  weight o f  the  specimens w e r e  3.6 cm x 
The a s - f i r e d  specimens were ex- 
For ty - four  bars were sent f o r  machining t o  BOMAS Machining, 
The nominal s i t e  of  the  specimens was 3 cm x 0.56 
The edges o f  a l l  the  machined specimens were bev- 
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I V .  THERMAL DIFFUSIV ITY MEASUREMENT 
Photoacousti c c h a r a c t e r i z a t i o n  o f  mater i  a1 s requ i res  measurement o f  t h e i r  ther -  
mal d i f f u s i v i t y  (a) t o  determine the  thermal d i f f u s i o n  l eng th  (ps) a t  a 
given l a s e r  modulat ion frequency and t o  c a l c u l a t e  the depth o f  pene t ra t i on  by 
photoacoust ic  microscopy (PAM). Thermal d i f f u s i v i t y  was measured by l a s e r  
f l a s h  technique a t  F ibe r  Ma te r ia l s ,  Inc,  Biddeford, Maine. I n  t h i s  method, 
one face o f  a c i r c u l a r  disk-shaped specimen i s  subjected t o  a sho r t  du ra t i on  
heat pulse,  and the  thermal response on the  oppos i te  face i s  analyzed i n  t e r m s  
o f  t i m e  and d i s k  th ickness t o  p rov ide  the  d i f f u s i v i t y  value. The measurements 
were conducted from room temperature t o  about 300°C i n  green s in te red  s i l i c o n  
n i t r i d e  and s i n t e r e d  s i l i c o n  carbide. 
1.27 cm diameter x 0.0625 cm thickness. 
t r i d e ,  and carb ide  were ground t o  1.27 cm diameter x 0.150 cm thickness by 
BOMAS Machining, Somervi l le,  Maine. 
t h e  t h r e e  specimens. The d i f f u s i v i t y  o f  t h e  green m a t e r i a l  dropped s l i g h t l y  
from 0.003 cm'lsec a t  room temperature t o  0.0024 cm2/sec a t  203°C. Also, 
t he  room temperature d i f f u s i v i t y  o f  s i n t e r e d  s i l i c o n  n i t r i d e  and carbide de- 
creased from 0.181 cm2/sec and 0.568 cm /sec  t o  .0098 cm / sec  and 0.255 
cm /sec, r e s p e c t i v e l y ,  a t  300°C. 
absolute based on measurements o f  Nat iona l  Bureau o f  Standards (NBS) reference 
standard ma te r ia l  s. 
The green specimen was hand formed t o  
Specimens o f  t h e  s in te red  s i l i c o n  n i -  
Figure 2 shows the  thermal d i f f u s i v i t y  o f  
2 2 
2 The r e p e a t a b i l i t y  o f  measurement was +5X 
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F i g u r e  2 .  Thermal d i f f u s i v i t y  o f  green s i l i c o n  n i t r i d e  ( A ) ,  s i n t e r e d  
s i l i c o n  n i t r i d e  ( B ) ,  and s i n t e r e d  s i l i c o n  c a r b i d e  (0.  
9 
V. FABRICATION OF REFERENCE STANDARDS 
Opt imiza t ion  o f  photoacoust ic  parameters t o  de tec t  sur face and subsurface flaws 
requ i res  f a b r i c a t i o n  o f  re ference standard specimens w i t h  a r t 1  f i c i a l  l y  induced 
f laws. 
d r i l l e d  holes (TDH) and a t  t he  subsurface w i t h  s ide  d r i l l e d  holes (SDH) and 
seeded vo ids.  A l l  t he  holes were d r i l l e d  by u l t r a s o n i c  machining a t  Bu l l en  
U l t rason ics ,  Eaton, Ohio. 
denter .  
ence standards o f  s i l i c o n  n i t r i d e  and s i l i c o n  carb ide  ma te r ia l s .  
Standards were prepared t o  s imulate vo ids a t  t he  sur face w i t h  top  
T igh t  sur face cracks were in t roduced by a Knoop i n -  
The f o l l o w i n g  subsections descr ibe the  f a b r i c a t i o n  o f  var ious  r e f e r -  
5.1 GREEN SILICON N I T R I D E  
The i sopressed green s i  1 i con n i  tri de mater i  a1 had 40-50% poros i  t y  and was very  
f r a g i l e .  
small sur face and subsurface f laws.  I n  green ma te r ia l s ,  o n l y  gross v a r i a t i o n s  
i n  ma te r ia l  m ic ros t ruc tu re  can be detected. 
t o  183 pm diameter were machined t o  depths rang ing  from 0 t o  875 pm t o  s i m -  
u l a t e  sur face  voids.  
No. 6 du r ing  the  machining opera t ion .  Subsurface SDHs (F igure  4) o f  375 pm 
diameter were machined a t  25 t o  250 pm depth below the  top  i n t e r r o g a t i n g  
surface. This  specimen broke i n  t r a n s i t  i n  t he  area o f  ho le  No. 8. 
The open s t r u c t u r e  o f  t he  ma te r ia l  leads t o  the  poor de tec t i on  of 
F igure  3 shows t h a t  TDHs o f  106 
The specimen was severe ly  chipped i n  the  v i c i n i t y  o f  ho le  
~~~ 
3x Hole no. 1 2 3 4 5 6 7 8 
Hole no. 1 2 3 4 5 6 7 8 
Diameter*,vm 106 106 106 132 183 183 183 157 
Depth**, Prn NM 200 275 325 425 500 625 875 
NM--too shallow t o  measure 
*Measured using op t i ca l  micrography 
**Measured using X-ray radiography TE87-2186 
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_- i n  t r a n s i t  
3x 
Nominal diameter o f  holes - 375 vm 
TE87-2185 
F igure  4.  Layout o f  the  subsurface s ide  d r i l l e d  holes (SDH) i n  green 
s i  1 i c o n  n i t r i d e  bar. 
5.2 AS-FIRED SILICON N I T R I D E  
The green s i l i c o n  n i t r i d e  ma te r ia l  was s in te red  and charac ter ized  f o r  the pres- 
ence o f  subsurface f laws i n  the  as - f i r ed  s t a t e .  The de tec t i on  of subsurface 
volume f laws depends on the  thermal d i f f u s i v i t y  o f  the  ma te r ia l  and the  l a s e r  
modulat ion frequency. 
chined a t  var ious  l o c a t i o n s  ranging from 0 t o  1015 pm below the  i n t e r -  
r o g a t i n g  sur face.  
edge t o  the  top  o f  t he  hole.  
SDHs o f  375 pm nominal diameter (F igure  5) were ma- 
The l o c a t i o n  o f  the holes was measured from the  specimen 
5.3 MACHINED SILICON N I T R I D E  
The a s - f i r e d  modulus o f  rup tu re  (MOR) bars were  machined t o  a surface f i n i s h  
o f  8 pm i n .  r o o t  mean square ( r m s ) .  The depth o f  thermal wave pene t ra t i on  
and f l a w  d e t e c t i o n  was determined us ing  a specimen w i t h  SDHs (F igure  6) o f  
440 pm nominal diameter machined u l t r a s o n i c a l l y  from 88 t o  890 pm below the  
surface. 
d r i l l e d  t o  s tudy the  de tec t i on  o f  l a r g e r  f laws a t  a depth o f  1.0 mm below the 
surface. 
I n  a d d i t i o n ,  t h ree  holes o f  300, 840, and 1100 pm diameter were  
Subsurface r e s o l u t i o n  i n  photoacoust ic microscopy (PAM) depends on the  f law 
s ize ,  l o c a t i o n ,  and d is tance between two f laws as a f u n c t i o n  of thermal 
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Top view 
. . . . . . . . e  
Hole 
no. 1 2 3 4 5 6 7 8  
.----I 
Side view 3x 
Hole l o c a t i o n  
Hole no. from top  surfacepm 
Open t o  sur face 
Very near t o  sur face 







Nominal diameter = 375 w 
Nominal d is tance 
between holes = 2.5 mm 
Approximate depth = 3.125 mm 
TE87-2184 
Figure  5. Layout o f  t he  s ide  d r i l l e d  holes i n  as - f i r ed  s i n t e r e d  
s i  1 i con n i  t r i d e .  
Hole Hole Hole 

































F igure  6. Layout o f  s ide  d r i l l e d  holes i n  machined s i n t e r e d  s i l i c o n  
n i t r i d e .  
d i f f u s i o n  length .  A re ference specimen (F igure  7) w i t h  400 pm nominal d i -  
ameter SDHs a t  about 130 pm below the  sur face was machined. 
o f  the  f l a w  spacing. 
The d is tance 
! between the  holes was va r ied  f rom 130 t o  650 pm t o  f i n d  the  d iscernab le  l i m i t  
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Hole no. 1 2  4 Top edge 
Side view 
Distance between Hole Depth of 







132 1 - 2  132 
132 2 - 3  345 
132 3 - 4  6 50 
na l  diameter o f  holes z 400pm.  
TE86-7163 
Figure  7. Layout o f  subsurface s ide  d r i l l e d  holes i n  machined 
s in te red  s i l i c o n  n i t r i d e .  
Resolut ion o f  sur face f laws by PAM depends p r i m a r i l y  on the foca l  spot s i ze  of  
the l a s e r  beam. 
sonic machining t o  measure the  s p a t i a l  surface r e s o l u t i o n  of  the  l a s e r .  The 
holes had a d i f f e r e n t  diameter, depth, and d is tance between them. The l a r g e s t  
spacing between the  holes was 953 pm and the smal lest  was about 8 pm. 
A specimen w i t h  seven TDHs (F igure 8) was prepared by u l t r a -  
T i g h t  sur face cracks w e r e  s imulated by a Knoop indenter  i n  the  machined sur face 
o f  s i n t e r e d  s i l i c o n  n i t r i d e  t o  op t im ize  PAM parameters f o r  eva lua t i ng  unknown 
specimens. I nden ta t i ons  o f  1, 2 ,  and 5 kg load w e r e  in t roduced on the  i n t e r -  
r o g a t i n g  s u r f a c e  ( F i g u r e  9) corresponding t o  crack lengths  o f  100, 143,  and 
234 pm r e s p e c t i v e l y .  
the i nden to r  induced sur face damage. 
cons is t s  o f  a half-penny-shaped median crack (Re f .  9 1 below the  major a x i s  o f  
the  i nden ta t i on .  I n  add i t i on ,  l a t e r a l  and r a d i a l  microcracks a l s o  occur 
(Ref 10 1. 
hardness and f r a c t u r e  toughness of the  ma te r ia l  and a l s o  on the  i n t e r a c t i o n  
between the  i nden to r  a t  t he  g iven load and the  l o c a l  m ic ros t ruc tu re .  The depth 
(a) of the  crack i s  approximately h a l f  the  surface crack l eng th  ( 2 ~ ) .  
The specimen was examined before and a f t e r  removing 
The f l a w  produced by the  Knoop indentor  
The ex ten t  o f  microcrack ing and subsurface damage depends on the  
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Hole no. 1 2 3 4 5 6 7  
1 
l o  Q + d *  poooo 
I 
Top view 
Hole Diameter Depth D is tance  between 
- no. Pm Pm Holes d ,  pm 
1 265 470 
2 26 5 366 1 - 2  953 
3 265 234 2 - 3  445 
4 221 213 3 - 4  143 
5 221 94 4 - 5  40 
6 176 56 5 - 6  12 
7 132 28 6 - 7  8 
TE86-7 164 
Figure 8.  Layout and measured dimensions o f  top d r i l l e d  holes (TDH) 
i n  machined s in tered  s i l i c o n  n i t r i d e .  
I- 29.8 mn & 
Crack 
Length (2c)  Depth* ( a )  
Load (kq) m Pm 
5 234 117 
2 143 7 1  
1 100 50 
*Assuming semicircular  f law,  a = c 
TE86-7165 
Figure 9.  Layout o f  Knoop indentat ions i n  a machined specimen o f  sintered 
s i l i c o n  n i t r i d e .  Crack length was measured o p t i c a l l y .  
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Crack no. 1 2 3 4 5 6 
Op t i ca l  
Crack 
Crack no. Load Length Depth* 
(Kg) (2c)  ( a  -1 
1 12 40 1 200 
2 10 323 162 
3 5 234 117 
4 4 20 5 102 
5 2 140 70 
6 1 96 48 
*Assuming semic i r cu la r  f law, a = c 
TE86 7166 
Figure  10. Layout o f  Knoop indenta t ions  i n  hot-pressed s i l i c o n  n i t r i d e  
Crack l eng th  was measured o p t i c a l l y .  (NC132). 
5.4 HOT PRESSED SILICON N I T R I D E  (NC132) 
T i g h t  sur face cracks were  in t roduced i n  the  machined sur face o f  an NC132 bar  
by Knoop i n d e n t a t i o n  t o  determine the  d e t e c t a b i l i t y  o f  sur face cracks by PAM 
and t o  compare these f i n d i n g s  w i t h  the  r e s u l t s  o f  the  machined s i n t e r e d  s i l i c o n  
n i t r i d e  obta ined under i d e n t i c a l  optimum PAM cond i t ions .  This specimen was 
a l s o  used t o  conduct a PAM parametr ic  study t o  o p t i m i z e  scanning speed, modula- 
t i o n  frequency, and sensi t i v i  t y  f o r  maximum s ing le- to-noise r a t i o .  
denta t ions  f rom 1 t o  12 kg  were made. 
o p t i c a l l y  measured dimensions o f  t he  sur face cracks i n  h o t  pressed s i l i c o n  n i -  
t r i d e .  
s ize .  
Knoop i n -  
F igure 10 shows the  l a y o u t  and the  
The smal les t  crack was 96 pm l ong  and the  l a r g e s t  was 400 pm i n  
The inden to r  induced sur face damage was n o t  removed. 
5.5 AS-FIRED SILICON CARBIDE 
Subsurface ho le  de tec t i on  s tud ies  were  conducted i n  a s in te red  s i  1 i c o n  carb ide 
specimen w i t h  a s - f i r e d  surface. 
were d r i l l e d  a t  1.0 mm depth below the  i n t e r r o g a t i n g  surface, as shown i n  Fig- 
u re  11. 
SDHs o f  250, 500, 750, and 1000 pm diameter 
15 
4 Scan d i rec t ion-  
Typica l  lmm 
4*0mm 0 Typica l  0 0 i o  
-I I- 3.7m 
I- 19.8mm 
Hole 
diameter 1000 7 50 500 2 50 
TE86-7 167 ( r m )  
Figure 11. Layout o f  s ide  d r i l l e d  holes i n  a s - f i r e d  s i n t e r e d  
s i l i c o n  carb ide specimen. 
5.6 INTERNALLY SEEDED VOID SPECIMENS 
Three seeded specimens--two o f  s i n t e r e d  s i l i c o n  n i t r i d e  and one of s i n t e r e d  
s i l i c o n  carbide--were prepared by NASA-Lewis Research Center. The rec tangu lar  
MOR specimens were  prepared by pour ing a se lected amount of  powder composit ion 
i n t o  a double a c t i o n  tungsten- l ined d i e  and l e v e l i n g  t h e  powder. Then, a s e l -  
ected number o f  s tyrene d i v i n y l  benzene (SDB) microspheres o f  the  same s i z e  
were placed on t h e  sur face o f  t h e  powder l a y e r .  Thereaf ter ,  more powder o f  
t h e  same composit ion was placed i n  t h e  d ie ,  and the  whole green l a y e r  was 
pressed a t  120 MPa t o  form a green specimen. The specimen was removed from 
t h e  d ie ,  and i t s  surfaces were dusted. F i n a l  compaction o f  the  green specimen 
was accomplished by vacuum sea l ing  t h e  seeded t e s t  bar  i n  t h i n  w a l l  l a t e x  tu -  
b i n g  and c o l d  i sopress ing  i t  a t  420 MPa. A f t e r  compaction the  seeded specimens 
w e r e  heated under vacuum t o  approximately 550°C (45-60 min ho ld  a t  maximum 
temperature) t o  decompose t h e  SDB microspheres. The green s i l i c o n  n i t r i d e  t e s t  
bars were s i n t e r e d  a t  2140°C f o r  2 h r  under a s t a t i c  n i t r o g e n  pressure of 5 MPa. 
The green s i l i c o n  carb ide specimen was s i n t e r e d  a t  2200°C for 30 min under an 
argon pressure o f  0.1 MPa. 
Two s i l i c o n  n i t r i d e  specimens were seeded w i t h  voids:  one w i t h  150 t o  300 pm 
diameter voids loca ted  550 t o  1600 pm below t h e  surface and the  second w i t h  
20 t o  50 pm diameter, shown i n  F igure 12, voids loca ted  20 t o  50 pm below 
the  surface. 
voids loca ted  270 t o  1300 pm below t h e  i n t e r r o g a t i n g  surface. 
One s i l i c o n  carb ide specimen was f a b r i c a t e d  w i t h  180 t o  450 pm 
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Opt 1 c a l  mic rograph 
0- voids o f  50 pm diameter  
* -  voids o f  20 pm diameter  
. *  O b  .. . . @ *  @ o b  .. 
F i g u r e  12 .  Layout o f  seeded voids i n  s 
spec1 men 
n t e r e d  s i  1 i con n i  tri de r e f e r e n c e  
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V I .  EXPERIMENTAL PROCEDURE 
6.1 ULTRASONIC VELOCITY 
The u l t r a s o n i c  v e l o c i t y  o f  waves through l i n e a r  e l a s t i c  i s o t r o p i c  ma te r ia l s  i s  
r e l a t e d  t o  the  dens i t y  and e l a s t i c  modulus by the  fo l l ow ing  equat ions:  
vL = 
'T = 













I L  
( 2 )  
(3) 
(4)  
l o n g i t u d i n a l  wave v e l o c i t y  
shear or t ransverse wave v e l o c i t y  
e l a s t i c  modulus 
shear modulus 
th ickness o f  specimen 
wave t r a n s i t  t i m e  between two se lected back sur face echoes 
1 when t r a n s i t  t i m e  between f i r s t  and second back sur face echoes 
2 when t r a n s i t  t i m e  between f i r s t  and t h i r d  back sur face echoes 
d e n s i t y  o f  the  ma te r ia l  
Poi sson I s r a t i o  
the  specimen th ickness and t r a n s i t  t i m e  o f  t he  acous t ic  wave 
through the  medium, the  preceding r e l a t i o n s h i p s  prov ide  a means o f  determining 
the  u l t r a s o n i c  v e l o c i t y ,  modul i ,  and Poisson's r a t i o  o f  the  m a t e r i a l .  
Both l o n g i t u d i n a l  and shear wave v e l o c i t y  of machined specimens w e r e  determined 
us ing  a computer-aided t rans1 t t i m e  (t) measurement sys tem developed a t  A1 l i s -  
on. F igure  13 shows schemat ica l ly  the  experimental s y s t e m  assembled a t  A l l i s -  
on for measuring the  u l t r a s o n i c  v e l o c i t y  o f  ma te r ia l .  The sys tem cons is ts  
o f  a Tek t ron ix  WP 1310 s igna l  processing system, a Panametrics 75 MHz Model 
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Figure  13. Schematic o f  u l t r a s o n i c  v e l o c i t y  measurement apparatus. 
30 MHz f o r  t h e  l o n g i t u d i n a l  (L)  wave and 20.0 MHz f o r  the  shear ( S )  wave f o r  
f l a t  specimens. 
w i t h  0.0001 i n .  accuracy. 
The th ickness o f  the  specimens i s  measured us ing  a micrometer 
The t r a n s i t  t i m e  (t) between the  echoes i s  measured under sof tware c o n t r o l  from 
the  keyboard, us ing  a lgor i thms developed a t  A l l i s o n .  Optimum r e f l e c t e d  u l t r a -  
sonic s igna ls  a re  d i g i t i z e d  t o  the  maximum r e s o l u t i o n  (1024 b i t s )  a v a i l a b l e  
w i t h  the  scope. The osc i l l oscope  sweep r a t e  i s  ad justed so t h a t  o n l y  the  ech- 
oes o f  i n t e r e s t  a re  v i s i b l e  on the  cathode r a y  tube (CRT) screen. The o s c i l -  
loscope i s  programmed t o  ( 1 )  average the  s igna ls  20 t i m e s ;  (2) measure the  
t r a v e l  t ime between the  echoes o f  i n t e r e s t  by program-control led cursors;  ( 3 )  
s to re  the  t ime i n  constant  memory r e g i s t e r s ;  and (4) repeat  steps 1 through 3 
ten  t i m e s  t o  minimize the  random v a r i a t i o n s  i n  the  d i g i t i z a t i o n  o f  the  s igna ls .  
The accuracy o f  t i m e - o f - f l i g h t  measurement i s  w i t h i n  1 nanosecond. 
The t i m e  o f  f l i g h t  (t) for a specimen i s  t he  a r i t h m e t i c  average o f  t he  10 meas- 
urements. The u l t r a s o n i c  v e l o c i t y  f o r  each specimen i s  ca l cu la ted  us ing  the 
measured th ickness (L) and wave t r a v e l  t i m e  ( t)  i n  the  p r e v i o u s l y  c i t e d  equa- 
t i o n s .  A hard copy w i t h  specimen number, dens i ty ,  and measured v e l o c i t y  i s  
then made f o r  permanent record.  The e l a s t i c  and shear modul i ,  as w e l l  as the 
Poisson's r a t i o  o f  t he  ma te r ia l ,  can be ca lcu la ted .  
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6.2 ULTRASONIC FLAW DETECTION 
Because o f  the  necess i ty  f o r  de tec t i on  o f  small f laws o f  25-200 pm i n  s t ruc-  
t u r a l  ceramics, f requencies much h igher  than those i n  convent ional  use have t o  
be employed. A 50.0 MHz computer-assisted u l t r a s o n i c  imaging system, shown i n  
F igure 14, was used t o  evaluate the  machined sur face o f  the  modulus o f  rup tu re  
(MOR) specimens. This  sys tem cons is ts  o f  a programmable x-y scanner, a 75 MHz 
broadband pu lse r / rece ive r ,  a gated peak de tec tor ,  a 16-gray scale image r e -  
corder,  and a 50 MHz nominal frequency 1.27 cm (0.5 i n . )  f oca l  l eng th  focused 
transducer.  
and converted i n t o  a dc s igna l .  
recorder .  
The r e f l e c t e d  r a d i o  frequency (rf) s igna l  i s  gated, peak detected, 
This  s igna l  i s  d isp layed on a 16-gray scale 
The images can be magni f ied e a s i l y  t o  2Ox or more. 










c o n t r o l l e r  
4-axis scanner 
Pulser- receiver  





Spec 1 men 
r I I 
Tektron ix  475A 
osc i l loscope 
TE86-7158 
F igure  14. U l t rason ic  f l a w  de tec t i on  and imaging system. 
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The transducer was focused on the  f r o n t  sur face o f  each machined MOR bar  fo r  
maximum s e n s i t i v i t y .  
s t r e s s e s  i n  subsequent mechanical t e s t i n g .  The r e f l e c t e d  f r o n t  sur face echo 
was gated and the  peak detected s igna l  was imaged on the gray scale recorder .  
A l o x  acous t ic  image o f  t he  t e n s i l e  surface o f  each bar  was recorded. A s i l l  
con carb ide specimen w i t h  about 40 pm simulated sur face v o i d  was used as the  
reference standard. This  specimen was imaged w i t h  a l l  the  bars t o  asce r ta in  
the r e p e a t a b i l i t y  o f  sur face f l a w  detec t ion .  
This sur face was se lected t o  be subjected t o  t e n s i l e  
6.3 MICROFOCUS RADIOGRAPHY 
X-ray rad iography i s  an e f f e c t i v e  nondestruct ive eva lua t ion  technique t o  de tec t  
c r i t i c a l  f laws i n  s t r u c t u r a l  ceramic ma te r ia l s .  Optimum f l a w  de tec t i on  r e -  
qu i res  both good s p a t i a l  r e s o l u t i o n  and h igh  image con t ras t .  Reso lu t ion  i n  
x-ray rad iography i s  dependent on the  foca l  spot diameter o f  tube, which con- 
t r o l s  the  geometric unsharpness (U ) by the  equat ion 
g 
Ug = F s *  (5) 
where F s  i s  t he  foca l  spot diameter o f  the X-ray tube, d the  source-to-object  
d is tance,  and a the  o b j e c t - t o - f i  l m  d is tance.  Conventional sys tems w i t h  a l a r g e  
foca l  spot  diameter have excessive geometric unsharpness r e s u l t i n g  i n  poor spa- 
t i a l  r e s o l u t i o n .  Microfocus X-ray tubes w i t h  smal f oca l  spot diameters 
(1-100 pm)  have n e g l i g i b l e  U and are essent ia l  t o  reso lve  c r i t i c a l  f laws 
i n  ceramic ma te r ia l s .  F ina l  image con t ras t  (C) i n  the  microfocus X-ray sys tem 
can be g iven by 
g 
C = K .  Wm . X  (6) 
where K i s  the  image medium constant,  Wm i s  the  d i f f e r e n c e  i n  the  X-ray absorp- 
t i o n  o f  the  de fec t  and parent  ma te r ia l  a t  a g iven vo l tage,  and X i s  the  de fec t  
s i z e  i n  the  d i r e c t i o n  o f  the  X-ray beam. 
A rea l - t ime FeinFocus microfocus X-ray system, shown i n  F igure 15, was used t o  
de tec t  f laws i n  s i l i c o n  n i t r i d e  specimens. 
X-ray tube, a p a r t s  hand l ing  system, dual f i e l d  ( 4  i n . / 6  i n . )  i n t e n s i f i e r ,  
The s y s t e m  cons is ts  of  a microfocus 
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v ideo camera (V id icon o r  Plumbicon), c o n t r o l  pane , I i n .  tape recorder ,  
v ideo t ypewr i te r ,  and a v ideo cop ie r .  
t o  160 KeV vo l tage  and 2 mA cu r ren t  w i t h  maximum i n c i d e n t  photon energy o f  
320 W. 
v i d i n g  an ext remely sharp image o f  t he  detected f laws.  The X-ray tube, p a r t s  
hand1 1 ng system, and the  X-ray record! ng medi um ( f i  l m  o r  i ntens i  f i  erlcamera 
assembly) a r e  enclosed i n  a leaded r a d i a t i o n  p roo f  cab ine t  (F igure  16). 
system has 6 deg o f  freedom t h a t  can be c o n t r o l l e d  by j o y s t i c k s .  
hand l ing  system has 5 deg o f  freedom f o r  optimum component o r i e n t a t i o n  and f l a w  
detec t ion .  
ax i s .  
f ie r l camera  assembly, respec t i ve l y ,  a long the  beam a x i s  enables optimum f l a w  
d e t e c t i o n  and magn i f i ca t i on ,  which i s  c r i t i c a l  f o r  small f l a w  de tec t i on  i n  cer- 
ami c mater i  a1 s. 
This  system i s  capable o f  ope ra t i ng  up 
The f o c a l  spot  o f  the  X-ray beam can be va r ied  f rom 1 t o  100 pm pro- 
The 
The par ts -  
I n t e n s i f i e r l c a m e r a  assembly can a l s o  be moved along t h e  X-ray beam 
Cont ro l  on the  d is tance o f  the  X-ray source from the  p a r t  and i n t e n s i -  
A1 1 t he  green, a s - f i  red,  and machined specimens were evaluated by m i  crofocus 
radiography. 
l a t e d  de fec ts .  
d is tance was 12.0 cm f o r  a l l  the  specimens. 
placed immediately nex t  t o  each o the r  i n  a p l a s t i c  ho lder  and were  rad io -  
graphed. 
the  three-dimensional (3-D) l o c a t i o n  o f  detected defects .  
The X-ray parameters were es tab l i shed us ing  specimens w i  t h  simu- 
The source- to- f i  l m  d is tance was 61 cm and source-to-object 
Four specimens a t  a t ime were 
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6.4 SCANNING PHOTOACOUSTIC MICROSCOPY 
I 
I 
E x D e r i  mental Arranaement 
The photoacoust ic  microscopy (PAM) arrangement a t  A l l i s o n ,  shown i n  F igure  17, 
uses a 2.0 W argon lase r .  
chopper and guided by two m i r r o r s  and a beam s tee re r  toward an o b j e c t i v e  lens,  
which focuses the  l i g h t  on to  the  specimen surface. The diameter o f  t h e  focal  
spot i s  l e s s  than o r  equal t o  25 microns. The specimen i s  pos i t i oned  I n  a PAM 
c e l l  , which i s mounted on a two-dimensional (2-D) , servo-control  1 ed t rans la -  
t i o n a l  stage. The specimen/cel l  assembly i s  t r a n s l a t e d  i n  the  x -d i rec t i on  and 
incremented i n  the  y -d i rec t i on .  The e n t i r e  sys tem I s  s i t u a t e d  on a honeycomb 
suspension t a b l e ,  which i s  mounted on f o u r  v i b r a t i o n  i s o l a t i o n  legs.  A pro- 
grammabl e m i  croprocessor-based c o n t r o l  1 e r  synchronizes a l  1 the  motions ( d i  r e c -  
t i o n ,  speed, increment, e t c )  o f  the  2-0 stage. Stage l o c a t i o n  i s  con t inuous ly  
d isp layed as a f r o n t  panel d i g i t a l  readout. The PAM s igna l  i s  detected by a 
m i n i a t u r e  microphone and lock - in  a m p l i f i e r .  
of d e t e c t i n g  both the  phase and the  ampl i tude o f  the  PAM s igna l .  
speed can be v a r i e d  from 2.0 micron/sec t o  about 30 mmlsec. 
increment i s  2.0 microns fo r  each a x i s .  
The l a s e r  l i g h t  i s  modulated by an electromechanical  
The lock - in  a m p l i f i e r  i s  capable 
F i n a l l y ,  minimum 
Scanning 
F igure  17 shows t h a t  the  x, y, and PAM detected analog s igna ls  a r e  sent t o  the  
PAM da ta  a c q u i s i t i o n  and c o l o r  imaging system. 
Graphics VSX-5000 dual (8 and 16 b i t )  microprocessor, 800K o f  8 MHz RAM, 8087 
math coprocessor, 12 b i t  data a c q u i s i t i o n  analog t o  d i g i t a l  ( A I D )  card, and a 
graphics card.  The acqui red da ta  can be s tored on a 36-megabyte hard d isk ,  a 
10-megabyte magnetic tape, o r  an 800K f l oppy  d i sk .  The d i g i t a l  image can be 
d isp layed on t h e  green and c o l o r  moni tor  concurrent ly ,  o r  a hard copy can be 
made on t h e  e igh t - co lo r  p l o t t e r .  
This system inc ludes  Vector 
D i  a i  t a l  Imaai na Software 
The da ta  a c q u i s i t i o n ,  imaging, and data ana lys is  a lgor i thms were developed i n  
8086 machine language a t  A l l i s o n  and are  menu dr iven .  The hardware and s o f t -  
ware have the  f o l  lowing fea tures  and capabi 1 i ti es:  
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o A c q u i s i t i o n  and storage o f  data w i t h  12 b i t  r e s o l u t i o n .  
o Monochrome and c o l o r  CRT d i s p l a y  o f  images. 
o E igh t - co lo r  hard copy plot--Three types o f  p l o t s  can be made o f  any PAM 
image acquired: continuous l i n e  p l o t s ,  which are  s i m i l a r  t o  the  CRT image; 
analog s igna l  p l o t  s imu la t i ng  x-y recorder; and a histogram t h a t  revea ls  
the  d i s t r i b u t i o n  o f  PAM s igna ls  from the  f laws. 
i n  m u l t i p l e s  o f  2, 4, and 8. 
l o c a t e  t h e  f law,  s i z e  i t , and determine the  PAM s igna l .  
f u n c t i o n  i s  very  use fu l  i n  v iewing areas o f  scans t h a t  may n o t  be on the 
screen. 
o Flaw locat ion--This  f u n c t i o n  a l lows the placement o f  a f l a w  w i t h  s p e c i f i c  
coord inates a t  t he  center o f  the CRT screen a t  any t i m e .  
f a c i  11 t a t e s  c o r r e l a t i o n  o f  PAM detected f laws w i t h  f r a c t u r e  c o n t r o l  1 i ng 
defec ts  i n  mechanical t e s t i n g .  
o FlawIPAM s igna l  sizing--An e l l i p s e  o r  a rec tangu lar  shape can be created 
t o  s i z e  f laws.  The e l l i p s e  o r  rec tang le  can be expanded and cont rac ted  i n  
bo th  the  x - d i r e c t i o n  and y - d i r e c t i o n  f o r  accurate s i z i n g ;  t he  s i z e  o f  the 
rec tang le  o r  e l l i p s e  i s  d isplayed on the screen i n  r e a l  t i m e .  The maximum 
PAM s igna l  from the f l a w  i s  detected along w i t h  i t s  s ize.  A hard copy o f  
t he  f law s i z e  and the PAM s igna l  can then be obtained. 
o Thresholding--The raw d i g i t a l  image cons is ts  o f  an excessive number o f  PAM 
s igna ls  from small m ic ros t ruc tu re  v a r i a t i o n s  and f laws. Thresholds from 0 
t o  99% can be used t o  suppress t h e  PAM s igna ls  from t h e  raw image d a t a  f o r  
b e t t e r  f law l o c a t i o n  and image penet ra t ion .  
o Hard copy--A hard copy o f  t he  data r e l a t e d  t o  the  t e s t  specimen can be made 
a t  any t i m e  du r ing  the  v iewing o f  a PAM image. The data i nc lude  dimensions 
of t h e  scan area, t he  speed o f  t he  scan, increment, sampling r a t e ,  magn i f i -  
ca t i on ,  t h resho ld  percentage, f law loca t i on ,  s ize,  and PAM s igna l .  The 
d i s t r i b u t i o n  of PAM s igna ls  can be obtained a l s o  i n  a t a b u l a r  form. 
o Magnif icat ion--Four l e v e l s  of magn l f l ca t i on  are a v a i l a b l e  from l o x  t o  80x 
With h igher  magn i f i ca t i on  one can accu ra te l y  
This o Pan--The pan f u n c t i o n  a l lows s c r o l l i n g  up and down and s ide  t o  s ide.  
This fea ture  
PAM C e l l  
Modular photoacoust ic  c e l l s ,  as shown i n  Figure 18, were designed and fab r i ca -  
t e d  fo r  t he  c h a r a c t e r i z a t i o n  o f  t he  specimens i n  green, as - f i r ed ,  and machined 
stages. T y p i c a l l y ,  t he  c e l l  has th ree  pa r t s :  ( 1 )  an aluminum o u t e r  
27 
Pam c e l l  
Outer 
Luci  t e  
i n s e r t  
\ 
w i  ndow 
Sect ion view 
TE80-1090 
F igure  18. Schematic o f  photoacoust ic  c e l l  for MOR specimen. 
s h e l l ,  ( 2 )  a L u c i t e  i n s e r t  w i t h  a c a v i t y  I n  which t o  p lace  the  MOR specimen, 
and ( 3 )  an aluminum l i d  w i t h  a window o f  o p t i c a l l y  po l i shed  fused s i l i c a .  The 
l i d  i s  a t tached t o  t h e  ou te r  s h e l l  w i t h  th ree  a l l e n  screws. An O-ring i s  used 
i n  the top  l i d  t o  make an a i r t i g h t  seal, which prevents the  l o s s  o f  the photo- 
acous t ic  s i g n a l .  The a i r  gap between the  surface o f  t h e  specimen and the  win- 
dow i s  about 0.5 mm. 
mate ly  0.2 cm . The microphone i s  loca ted  i n  the i n s e r t .  
The t o t a l  volume o f  t he  a i r  w i t h i n  t h e  c e l l  i s  approx i -  
3 
Eva lua t ion  o f  SD . ecimens 
The procedure t o  cha rac te r i ze  the  green, a s - f i  red, and machined specimens by 
photoacoust ic  microscopy was as fo l l ows :  The specimen was placed i n  the gas- 
c e l l ,  and the  Aerotech c o n t r o l l e r  was programmed t o  r a s t e r  scan the  rec tangu lar  
MOR bars I n  the  x - d i r e c t i o n  and t o  increment I n  the  y - d i r e c t i o n  t o  a predeter-  
mined surface area o f  t h e  bar. The lock - in -amp l i f i e r  parameters used were op- 
t im ized  on reference standard specimens. 
The data a c q u i s i t i o n  program has f i v e  user i npu ts  t h a t  synchronize the program 
w i t h  the  c o n t r o l l e r :  scanning speed, x t r a v e l  d istance, y t r a v e l  d istance, 
28 
sampling r a t e ,  and y increment. Other in fo rmat ion ,  such as ma te r ia l  descr ip-  
t i o n ,  specimen number, equipment se t t i ngs ,  and specimen area inspected, i s  a l s o  
i n p u t  i n t o  t h e  program. A f t e r  a l l  i npu ts  have been completed, a f i l e  name i s  
assigned and the  da ta  a c q u i s i t i o n  i s  i n i t i a t e d .  A l l  t he  x, y, and PAM d i g i t a l  
data a re  tempora r i l y  s to red  on the  hard d isk .  
created and image process ing i s  performed. 
specimen i s  permanently s to red  on a magnetic tape or a f l o p p y  d i s k .  
PAM d i g i t a l  images a re  then 
The PAM d i g i t a l  da ta  f rom each 
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GXISINAL PAGE IS 
OF POOR QUALITY 
V I I .  RESULTS AND DISCUSSION 
7.1 CHARACTERIZATION OF SILICON N I T R I D E  REFERENCE STANDARDS 
Green S i  11 con N i  tri de 
Photoacoust i  c microscopy and m i  croradiography were  used as an i n-process non- 
d e s t r u c t i v e  eva lua t i on  (NDE) technique t o  de tec t  d i s c r e t e  f laws and mic ros t ruc-  
t u r a l  modulat ions i n  green modulus o f  rup tu re  (MOR) bars.  
face ho le  re fe rence specimens, F igure  3 and 4, were  used t o  op t im ize  the  par-  
ameters t o  cha rac te r i ze  the  unknown green bars. 
Surface and subsur- 
The top  d r i l l e d  ho le  specimen, F igure  3, was i n te r roga ted  by microfocus x-ray 
a t  80 KeV, 0.34 mA, and 100-sec f i l m  exposure a t  5x magn i f i ca t i on .  The pos i -  
t i v e  o f  t he  microradiograph, F igure 19, shows t h a t  seven holes were  detected 
w i t h  x-ray th ickness s e n s i t i v i t y  o f  2%. 
diameter and 106 pm deep. 
shape o f  the  ho le  and the  v a r i a b l e  shal low depth o f  l e s s  than 50 pm which 
could n o t  be measured by p r o j e c t i o n  microradiography. 
evaluated a t  t he  above x-ray parameters. 
The smal les t  detected ho le  was 200 pm 
Hole no. 1 was undetected because o f  the  i r r e g u l a r  
The green specimens w e r e  
A l l  e i g h t  top  d r i l l e d  holes were detected by photoacoust ic  microscopy as shown 
i n  F igure  20. 
i t  was observed t h a t  t he  specimen was d i sco lo red  i n  the  scanned reg ion  and a 
t h i n ,  powder l a y e r  was deposi ted on the  sur face o f  the  window g lass.  
c o l o r a t i o n  v a r i e d  across the  1 ength o f  the  bar  i ndi  c a t i  ng nonuniform compaction 
and m i c r o s t r u c t u r a l  v a r i a b i  1 i ty  i n  the  ma te r ia l .  
The smal les t  detected f l a w  was 106 pm i n  diameter.  However, 
The d i s -  
Hole # 1 2 3 4 5 6 7 8 5 X  
TE87-2187 
F igure  19. Detec t ion  o f  sur face holes i n  green s i l i c o n  n i t r i d e  by 
p r o j  e c t i  on m i  c ro rad i  ography . 
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25 p m  TE87-1074 Photoacoustic mlc roscopy  
F igure  20. Detec t ion  o f  sur face holes i n  green s i l i c o n  n i t r i d e  by 
photoacoust ic microscopy. 
A systemat ic parametr ic  s tudy was conducted t o  op t im ize  the  PAM exper imental  
parameters f o r  subsurface f l a w  de tec t i on  and ma te r ia l s  cha rac te r i za t i on .  The 
s ide-dr i  11 ed ho le  specimen shown i n  F igure 4 was examined by PAM a t  var ious  
exper imental  parameters as fo l lows:  l a s e r  power - 20 mW t o  0.5 W; f oca l  spot 
diameter (pm> - 25, 100, 200; modulat ion frequency - 40 Hz: l ock - in  
a m p l i f i e r  s e n s i t i v i t y  - 0.1 mV t o  1.0 v o l t .  The ma te r ia l  v o l a t i l i z e d  and l e f t  
a perman- en t  hard d i sco lo red  l i n e  on the  specimen sur face under a l l  t he  
exper imental  cond i t i ons  as shown i n  F igure  21. A powder l a y e r  deposi ted on 
the  c e l l  window was r e a d i l y  removed by a f i n g e r  w i thou t  fo rce .  M a t e r i a l  
removal f rom t h e  bar  was a t t r i b u t e d  t o  the  r e l a t i v e l y  open m ic ros t ruc tu re  o f  
t he  green body. 
The sur face  i n  the  unscanned reg ion  could be scratched by a f i n g e r n a i l ,  b u t  
n o t  i n  the  scanned area. 
formed and compacted near the  sur face by the  focused l a s e r  beam r e s u l t i n g  i n  
permanent topographica l  change. 
none o f  t h e  subsurface holes were detected. 
The sur face o f  t he  specimen hardened i n  the  scanned area. 
This  suggests t h a t  the  ma te r ia l  s t r u c t u r e  was t rans-  



























The specimen was subsequently l i g h t l y  ground us ing  a 600 g r i t  s i l i c o n  carb ide 
paper t o  decrease the  ho le  depth f rom the  top  sur face and f u r t h e r  s tudy the  
d e t e c t a b i l i t y  o f  ho les by PAM. The g r i n d i n g  opera t ion  d i d  n o t  a f f e c t  the  pre- 
v i o u s l y  scanned area. Subsequently, s u f f i c i e n t  manual pressure was app l i ed  
du r ing  g r i n d i n g  f o r  ma te r ia l  removal i n  the  scanned reg ion.  Table I shows the  
measured l o c a t i o n  o f  the holes a f t e r  g r ind ing .  A v a r i a b l e  amount o f  ma te r ia l  
was removed a t  each ho le  l o c a t i o n  because o f  t he  d i f f i c u l t y  i n  the  hand l ing  of 
t he  green bar  du r ing  the  g r i n d i n g  operat ion.  The specimen was reexamined by 
PAM a t  a l a s e r  power o f  0.5 W focused t o  200 pm diameter a t  40 Hz modulat ion 
frequency. 
A t  40 Hz, t he  thermal d i f f u s i o n  l eng th  (ps) i s  about 50 pm. 
t i v i t y  i n  phase mode i s  genera l l y  about 2 ps. 
no t  observed, i n d i c a t i n g  t h a t  the  thermal waves are  h i g h l y  dampened and s ig-  
n i f i c a n t l y  sca t te red  even w i t h i n  1.0 ps i n  green ma te r ia l .  
i a l  removal and r a p i d  dampening o f  the  thermal waves severe ly  l i m i t s  the  use 
of photoacoust ic  microscopy as an in-process NDE t o o l  t o  examine the  subsur- 
face s t r u c t u r e  o f  t he  ma te r ia l  i n  the  green s ta te .  The mod i f i ca t i ons  i n  the  
surface topography a l s o  may be de t r imenta l  t o  the  performance o f  t he  ma te r ia l  
a f t e r  s i n t e r i n g .  
None o f  t he  e i g h t  holes were detected i n  the  phase d e t e c t i o n  mode. 
The sensi-  
Even holes 50 pm deep were 
Both the  mater- 
Table I. 
Green s i l i c o n  n i t r i d e  ba r w i t h  s i d e - d r i l l e d  holes.  
Location from top surface, pm 
Hole measured a f t e r  








Specimen broke i n  t r a n s i t  
Nominal d is tance between holes = 2.5 mm 
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A dec is ion ,  based on the observat ions made on the  reference standard specimens, 
was made t o  cha rac te r i ze  o n l y  h a l f  t he  unknown green bars by PAM t o  study the  
e f f e c t  o f  sur face ma te r ia l  removal on s i n t e r i n g .  The PAM exper imental  param- 
e t e r s  used were as fo l lows:  l a s e r  power--0.5W, scan speed--250 pm/sec, f oca l  
spot--200 pm, modulat ion frequency--40 Hz. 
As -F i  r ed  S i  1 i con N i  tri de 
Flaw popu la t i on  and t h e i r  c h a r a c t e r i s t i c s  a re  s u b s t a n t i a l l y  a1 te red  on s i n t e r -  
i n g  a green compact t o  the  a s - f i r e d  s ta te .  Also, a s in te red  dense ma te r ia l  has 
a d i f f e r e n t  m ic ros t ruc tu re  and p roper t i es .  PAM parameters were  opt imized us ing  
the  s ide  d r i l l e d  ho le  specimen shown i n  F igure  5 t o  determine the  depth o f  pen- 
e t r a t i o n  o f  thermal waves i n  as s in te red  ma te r ia l .  
F igure  22 i s  a PAM l i n e  scan i n  the  magnitude mode a t  40 Hz t h a t  shows the  
375 p m  diameter 3.12 mm long subsurface s ide  d r i l l e d  holes were detected a t  
l e a s t  up t o  a depth o f  547 pm w i t h  e x c e l l e n t  s ignal - to-noise r a t i o  (SNR). 
This  depth i s  equ iva len t  t o  1.5 ps. Deeper holes were  detected w i t h  poor 
SNR. 
A l l  o f  t he  e i g h t  ho les were detected t o  a depth o f  1014 pm. Phase reversa l  
and i n t e r f e r e n c e  were observed i n  the  PAM s igna ls  f rom a l l  t he  holes because 
of v a r i a b l e  t ime de lay  i n t e r a c t i o n  o f  thermal waves w i t h  the  holes.  The phase 
change and the  corresponding s igna l  from the  s imulated holes do n o t  appear t o  
have a good s ignal - to-noise r a t i o  f o r  r e l i a b l e  f l a w  de tec t i on  and imaging even 
though mate r ia l  i s  be ing i n te r roga ted  t o  l a r g e r  subsurface depth. Comparison 
of F igures 22 and 23 show t h a t  SNR o f  t he  PAM s igna l  i n  magnitude mode i s  much 
b e t t e r  than i n  phase mode f o r  holes w i t h  depth up t o  547 pm. The detecta- 
b i l i t y  o f  deeper holes appears t o  be s i m i l a r  i n  both magnitude and phase mode. 
Therefore,  a l l  t he  a s - f i r e d  Si3N4 bars were charac ter ized  i n  the  magnitude 
mode. 
F igure  23 shows PAM phase mode de tec t i on  o f  s i d e - d r i l l e d  holes a t  40 Hz. 
A seeded v o i d  specimen was examined by microradiography and PAM. 
shows t h a t  a l l  n ine  seeded f laws were detected w i t h  x-ray th ickness s e n s i t i v i t y  
of 2.5%. Optimum microradiographs were obta ined a t  93KeV, 0.34mA and 100 sec 
f i l m  exposure. The smal lest  detected v o i d  was 150 pm. A l l  the  as - f i r ed  and 
machined bars were  charac ter ized  a t  the  aforementioned cond i t ions .  Photo 
F igure 24 
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Figure  22. PAM magnitude de tec t i on  o f  s ide  d r i l l e d  holes i n  a s - f i r e d  
s in te red  s i l i c o n  n i t r i d e .  
acous t ic  microscopy d i d  n o t  de tec t  any seeded vo ids because t h e i r  s i z e  was much 
smal le r  and depth g rea te r  than one thermal d i f f u s i o n  length .  
Machined Su r f a c e  SDec imens 
Machi n i  ng in t roduces  sur face f laws, e.g. cracks, and lo r  exposes subsurface 
f l a w s .  e . g .  vo ids .  i n c l u s i o n s .  and cracks i n  ceramic specimens. S imulated sur- 
face and subsurface f laws,  F igures 5 t o  11, and seeded specimens, i n c l u d i n g  
the  one shown i n  F igure  12, were  i nves t i ga ted  t o  op t im ize  PAM parameters t o  
cha rac te r i ze  machined specimens. 
Surface Hole De tec t i on  and Resolut ion 
Top d r i l l e d  holes (TDH), shown i n  the specimen i n  F igure  8, were detected and 
s p a t i a l l y  reso lved a t  40 Hz and 300 Hz chopping frequencies as shown i n  F igure  
25, i n d i c a t i n g  t h a t  t he  sur face r e s o l u t i o n  I s  c o n t r o l l e d  by l a s e r  focal  spot 
s i z e  and not  by  the  thermal d i f f u s i o n  length.  D is tance between holes 6 and 7 
i s  about 8 pm suggest ing t h a t  the  l a s e r  spot s i z e  i s  l e s s  than 8 pm which 
i s  i n  good agreement w i t h  o p t i c a l l y  ca l cu la ted  spot s i z e  o f  6.5 pm. 
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Figure  23. PAM phase de tec t i on  o f  s ide  d r i l l e d  holes i n  s i n t e r e d  
SI3N4 a t  40 Hz. 
Figure  26 shows t h a t  PAM s igna l  increases l i n e a r l y  when the  ho le  depth (y) i s  
l e s s  than o r  equal t o  about one thermal d i f f u s i o n  l eng th  (ps). A t  40 Hz, 
A t  300 Hz, 
I I 400 pm. The s igna l  from a l l  the  holes f a l l  on a s t r a i g h t  l i n e  s ince PS 
both t h e  depth and diameter a re  l e s s  than o r  equal t o  1.0 ps. 
Ps = 
I 
140 pm. The s igna l  i n i t i a l l y  va r ies  l i n e a r l y  a t  approx imate ly  1.0 
ps f o r  shal low holes ( t h e r m a l l y  t h i n  cond i t i on )  and subsequently y i e l d s  
the  same PAM s igna l  f o r  a l l  t he  deeper holes ( the rma l l y  t h i c k  cond i t i on ) ,  
c l e a r l y  i n d i c a t i n g  t h a t  they behave l i k e  a crack o f  i n f i n i t e  depth ( R e f  5 ) .  
The thermal wave does no t  i n t e r a c t  w i t h  the  bottom o f  t he  deep holes bu t  i s  
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F igure  24. 
Detected 
Flaw s i z e ,  X-ray 
m Locat ion ( Y )  X s e n s l t i v l t y  
150 550 2.5 
150 500 2.5 
150 500 2.5 
200 1050 3 . 3  
200 1100 3 . 3  
200 1000 3 . 3  
300 1400 5.0 
300 1600 5.0 
300 1600 5.0 
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X-ray de tec t i on  o f  i n t e r n a l l y  seeded vo ids i n  a s - f i r e d  
s in te red  s i l i c o n  n i t r i d e .  
F igure  27 shows the  ac tua l  and the  PAM measured s i z e  o f  the  holes i n  both the  
scanning and incremental  d i r e c t i o n s .  The specimen was scanned i n  the  x-direc- 
t i o n  and incremented i n  the  y -d i rec t i on .  
a r  c o r r e l a t i o n  between the  ac tua l  ho le  diameter and PAM measured diameter i n  
both the  scanning and incremental  d i r e c t i o n s .  The holes a re  overs ized by an 
o f f se t  o f  about 50  pm i n  the  x -d i rec t ion ,  whereas they a re  c o r r e c t l y  s ized  1 
t o  1 i n  the  incremental  d i r e c t i o n .  The PAM measured apparent ho le  diameter i n  
the  x - d i r e c t i o n  i s  a f f e c t e d  by the  l a s e r  spot s ize,  chopping frequency, and 
l o c k  i n  a m p l i f i e r  parameters. 
a re  dominant ly  c o n t r o l l e d  by the  r e s o l u t i o n  o f  the  incremental  index ing  o f  the 
specimen (25 pm i n  the  present  case) and the  l a s e r  spot  s ize .  The s i z e  o f  
t he  f law i n  the  x - d i r e c t i o n  i s  Dx = D, + 50 microns and i n  the  y - d i r e c t i o n  
by D,, I: D,, where D, i s  the  ac tua l  f l a w  diameter. 
I t  was observed t h a t  t he re  i s  a l i n e -  
The PAM measured dimensions i n  the  y - d i r e c t i o n  
F igure  27 shows t h a t  the  PAM measured ho le  depth appears t o  i n i t i a l l y  increase 
l i n e a r l y  t o  a ho le  depth up t o  about 140 pm and remains constant  above i t .  
This  depth i s  equ iva len t  t o  about 1 .O pS a t  300 Hz. 
ates,  as shown i n  F igure  26, f o r  holes deeper than about one thermal d i f f u s i o n  
length .  These r e s u l t s  agree w i t h  Arnold and coworkers (Ref 11) who found t h a t  
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F igure  26. E f f e c t  o f  l a s e r  chopping frequency and depth on the  
magnitude o f  the  PAM s igna l  from the  top  d r i l l e d  holes.  
i n  the  the rma l l y  t h i n  cond i t ion ,  t he  PAM s igna l  w id th  i n  the  x - d i r e c t i o n  i s  
l i n e a r l y  p ropor t i ona l  t o  the  f l a w  depth. 
s tudy a re  w i t h i n  the  the rma l l y  t h i n  reg ion  a t  the 300 Hz chopping frequency. 
Holes up t o  140 pm deep i n  t h i s  
Subsurface Hole Detec t ion  and Resolut ion I 
F igu re  28 shows t h a t  PAM can d e t e c t  441 p m  diameter s ide  d r i l l e d  holes i n  
machined s i l i c o n  n i t r i d e  specimen, as shown i n  F igure  6, up t o  a depth o f  
573 pm s i m i l a r  t o  a s - f i r e d  ma te r ia l .  
n o t  detected a t  a depth o f  1.0 mm below the  sur face a t  40 Hz. 
Other f laws up t o  1.1 mm diameter were  
A s i d e - d r i l l e d  ho le  specimen, as shown i n  F igure  7, was examined t o  determine 
the  s p a t i a l  subsurface reso lu t l on .  
detected bo th  a t  40 Hz and 300 Hz i n  the  analog and d i g i t a l  PAM modes. 
depth o f  t h e  holes was between 88 t o  132 pm. This  depth i s  l e s s  than one 
h a l f  t he  thermal d i f f u s i o n  l eng th  (ps) a t  40 Hz and less  than o r  equal t o  
1.0 ps a t  300 Hz. The d is tance between the  holes a t  t he  modulat ion f r e -  
quencies ranged between 1 t o  5 ps a t  300 Hz and from 0.3 t o  1.5 ps a t  
40 Hz. Holes 132 pm apar t  could no t  be resolved b u t  holes 345 pm apar t ,  
(approx imate ly  1.0 ps), were s p a t i a l l y  separated by PAM de tec t i on  a t  40 Hz. 
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Figure  28. PAM de tec t i on  o f  subsurface s i d e - d r i l l e d  holes I n  machined 
sur face o f  s in te red  s i l i c o n  n i t r i d e  specimen a t  40 Hz. 
The d i g i t a l  image shows some over lapping o f  holes due t o  the  rough s ide  wa l l s  
of the  holes and o the r  nonun i fo rmi t ies  present  as a r e s u l t  o f  t he  d r i l l i n g  op- 
e ra t i on .  The diameter o f  the  holes i s  400 pm t h a t  i s  equal t o  1.0 ps a t  
40 Hz, suggest ing t h a t  the  two defects  one thermal d i f f u s i o n  l eng th  I n  s i z e  
and apar t  (ho les 2 and 3)  can be detected and resolved.  A l l  t he  holes were 
detected and reso lved (shown I n  F igure 29)  a t  300 Hz. The d is tance between 
holes no. 1 and no. 2 i s  132 pm t h a t  i s  1.0 ps a t  300 Hz. I t  should be 
noted t h a t  these holes were n o t  resolved a t  40 Hz, revea l i ng  t h a t  subsurface 
r e s o l u t i o n  can be improved by i nc reas ing  the  modulat ion frequency. A t  h igher  
f requencies , however, thermal wave pene t ra t i on  depth decreases r a p i d l y  because 

























Surface Crack Detec t ion  
PAM parameter o p t i m i z a t i o n  s tud ies  were conducted t o  de tec t  t i g h t  surface 
cracks I n  ho t  pressed s i l i c o n  n i t r i d e  (NC132). 
diamond Knoop indentor ,  shown i n  F igure  10, on the po l i shed  surface of t he  
specimen and t h e  sur face  damage was no t  removed. Three PAM parameters, namely 
modulat ion frequency, scan speed, and s e n s i t i v i t y ,  were  var ied .  Table I1 sum- 
marizes t h e  s igna l - to -no ise  r a t i o  o f  PAM s igna ls  from t h e  cracks. A l l  s i x  s i m -  
u l a t e d  f laws were detected a t  40 Hz and 50 pm/sec scan speed bu t  o n l y  four 
were  found a t  250 pm/sec scan speed. 
was 96 pm long x 48 pm deep and a t  250 pm/sec was 205 pm long x 102 pm 
deep i n  s ize.  
250 pm/sec from the  background s ignal  because o f  the l a r g e  number o f  na tur -  
a l l y  occu r r i ng  de fec ts  o f  the s i m i l a r  s i ze  and/or o r i e n t a t i o n  present i n  the 
specimen. 
bu t  no t  a t  250 pm/sec, c l e a r l y  showing t h a t  shal low t i g h t  cracks cannot be 
d iscerned a t  r a p i d  scanning speeds from the m i c r o s t r u c t u r a l  v a r i a t i o n s .  Re- 
s u l t s  a t  300 Hz shown i n  Table I1 show t h a t  a l l  s i x  cracks were detected a t  50 pm/sec 
bu t  o n l y  f i v e  a t  250 pm/sec. 
PAM s igna l  i s  b e t t e r  a t  t he  l o c k - i n  a m p l i f i e r  f u l l  scale s e n s i t i v i t y  of 50 pV 
than a t  200 pV a t  250 pm/sec. 
long  x 70 pm deep. Figure 31 shows the PAM de tec t i on  o f  f i v e  t i g h t  surface 
cracks under optimum exper i  mental cond i t ions .  
S i x  cracks were induced by a 
The smal lest  detected crack a t  50 pm/sec 
Cracks no. 5 and no. 6 could no t  be discerned a t  40 Hz and 
F igure  30 shows t h a t  t he  48 pm deep crack can be detected a t  50 p m l s e c  
Furthermore, the s ignal - to-noise r a t i o  o f  the 
The smal lest  detected crack was 140 pm 
Simulated t i g h t  sur face  cracks i n  the machined surface o f  s i n t e r e d  s i l i c o n  n i -  
t r i d e ,  shown i n  F igure  9, were charac ter ized  by optimum PAM parameters. 
ures 32 and 33 show t h a t  a l l  o f  t he  e i g h t  as-indented cracks, f o u r  each of 
143 pm (2  kg) and 234 pm (5 kg) length,  were r e a d i l y  detected w i t h  s igna l -  
to-noise r a t i o  o f  1.9 and 2.3, respec t i ve l y .  
ground on 15 pm, 9 pm, and 3 pm, sequen t ia l l y ,  diamond p o l i s h i n g  paper 
and 5 pm m a t e r i a l  removed. The 2.0 Kg indenta t ions  could no t  be d iscerned 
from the  surrounding m ic ros t ruc tu re  and na tu ra l  f laws. 
t he  l e n g t h  (2c) o f  5.0 Kg i n d e n t a t i o n  decreased from 234 pm t o  138 pm and 
a l l  f o u r  cracks were detected by PAM w i t h  SNR o f  1.5. 
could no t  be reso lved by PAM a f t e r  removing a t o t a l  o f  15 pm surface mater- 
i a l .  Obviously, t he  subsurface m ic ro f rac tu re  and the l a t e r a l  cracks associated 
w i t h  the  i n d e n t a t i o n  responsible f o r  the m a j o r i t y  o f  the PAM s ignal  a re  being 
Fig- 
The specimen was subsequently 
F igure  33 shows t h a t  
The 5.0 Kg indenta t ions  
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Figure  30. PAM de tec t i on  o f  sur face crack no. 6 i n  hot-pressed Si3N4. 
e l im ina ted  du r ing  g r ind ing ,  r e s u l t i n g  i n  poor d e t e c t a b i l i t y  o f  cracks. 
34 shows t h a t  t he  as-indented 2.0 and 5.0 Kg cracks were r e a d i l y  detected by 
PAM d i g i t a l  imaging. 
F igure 
D e t e c t  i o n  o f  Surface a nd Subsu r f a c e  Seede d Voids 
Surface and i n t e r n a l  vo ids o f  20 t o  100 micron s ize ,  shown i n  F igure  35, were  
detected by microradiography and PAM (shown i n  Table 111) i n  machlned s i n t e r e d  
s i l i c o n  n i t r i d e .  Microradiography detected 13 f laws both a t  45 KeV and 93 KeV, 
shown i n  Table I V .  However, both the  con t ras t  and d e t e c t a b i l i t y  a r e  b e t t e r  a t  
lower vo l tage  and l a r g e r  magn i f i ca t ion .  A t  lower energy, s o f t  long  wavelength 
x-rays a re  generated which improve the  sub jec t  con t ras t  because o f  l a r g e r  d i f -  
ferences i n  t h e  absorp t ion  c o e f f i c i e n t s  o f  the  host  ma te r ia l  and the  f law.  
Also, a t  l a r g e r  magn i f i ca t ions  the  t ime o f  f i l m  exposure i s  longer  i n  o rder  t o  
achieve t h e  same f i l m  dens i ty .  
100 pm was much b e t t e r  a t  20X than a t  5X magni f i ca t ion .  The smal lest  de- 
tec ted  sur face and i n t e r n a l  vo id  was 25 pm i n  s i z e  t h a t  corresponds t o  l% 
x-ray th ickness s e n s i t i v i t y .  
The v i s u a l i z a t i o n  o f  t he  f laws smal le r  than 
45 
Table 111. 
Detect  i o n  of seeded vo ids i n  machined s i n t e r e d  s i l i c o n  n i t r i d e .  
Detected 
F1 aw Flaw s i z e  (pm) 

















S - Surface 
I - I n t e r n a l  

















































I t  i s  be l i eved  t h a t  f laws no. 1, no. 2, and no. 6 i n t e r n a l  vo ids were n o t  de- 
tec ted  because the  e f f e c t i v e  f l a w  dimension p a r a l l e l  t o  the  x-ray beam propa- 
ga t i on  was much l e s s  than 25 pm. 
Photoacoust ic microscopy detected 20 pm t o  100 pm s i z e  sur face and i n t e r n a l  
vo ids as shown i n  F igure  36. 
o f  138 pm a t  300 Hz. This  image was made a t  50% th resho ld .  
o f  a d d i t i o n a l  f laws were detected along w i t h  the  known seeded f laws.  
shows t h a t  l e s s  f laws were detected as the s igna l  t h resho ld  i s  increased and 
vice-versa. A t  20% threshold,  s i x teen  f laws a re  detected whereas a t  90% 
threshold,  o n l y  f i v e  f laws are  detected. I n  add i t i on ,  20 pm s i z e  f laws were 
v i s u a l i z e d  a t  20% thresho ld  b u t  o n l y  80 pm o r  b igger  s i z e  f laws were observed 
a t  90% thresho ld  except the  i n t e r n a l  f l a w  no. 11 o f  30 pm i n  s ize .  This par- 
t i c u l a r  de fec t  must be loca ted  very  c lose  t o  the  sur face  and possess a w e l l  
The subsurface depth o f  a l l  t he  i n t e r n a l  vo ids 
l i s  w i t h i n  50 pm which i s  s i g n i f i c a n t l y  l ess  than t h e  thermal d i f f u s i o n  l eng th  
A l a r g e  number 
Table V 



















Table I V .  
Detect  i o n  o f  seeded vo ids bv microradioQraDhy. 
45KV 0.20mA 93KV 0.34mA 
F1 aw Exp. 550 sec Exp 200 sec Exp. 80 sec Exp. 20 sec 

















I - I n t e r n a l  
S - Surface 
D - Detected 

































































I n  general ,  a t  lower thresholds the  PAM Images w e r e  c l u t t e r e d  w i t h  s igna ls  of  
unseeded detected anomolies, m ic ros t ruc tu ra l  v a r i a t i o n s ,  e t c  t h a t  caused severe 
d i f f i c u l t i e s  i n  the  i n t e r p r e t a t i o n  o f  the PAM images. T h i s  i s  analogous t o  
the  d e t e c t i o n  and r e s o l u t i o n  o f  small f laws o f  s i m i l a r  s i z e  by u l t r a s o n i c  and 
acous t ic  microscopy. PAM measured f l aw  s i z e  was smal ler  than or equal t o  the  
s i z e  determined from microradiography and o p t i c a l  micrography. 
due t o  th ree  reasons: 
s i z e  measurement; (2) e f f e c t  o f  l a s e r  foca l  spot diameter and r a s t e r  scan i n -  
crement; and (3) three-dimensional nature and l o c a t i o n  o f  t he  f law.  
Thi s may be 
(1) poor f l a w  boundary d e f i n i t i o n  causing e r r o r  i n  f l a w  
7.2 CHARACTERIZATION OF SILICON CARBIDE REFERENCE STANDARDS 
The o b j e c t i v e  of t h i s  study was t o  asce r ta in  the  l i m i t  o f  subsur face thermal 
wave pene t ra t i on  and f l a w  de tec t i on  i n  s in te red  s i l i c o n  carb ide.  F igure 37 
47 
Table V. 
E f f e c t  o f PAM s ignal  th resho ld  ,n vo id  d - t e c t  i on .  
PAM 
F1 aw f l a w  % th resho ld  

































































































S - surface 
D - detected 
ND - no t  detected 
shows t h a t  a l l  f o u r  holes 1.0 mm below the  i n t e r r o g a t i n g  surface were  detected 
a t  40 Hz (ps - 685 pm) and 250 pm/sec bo th  i n  the  analog and d i g i t a l  
imaging modes. The PAM s igna l  increases exponen t ia l l y  w i t h  the  ho le  diameter 
i n d i c a t i n g  t h a t  l a r g e r  f laws or gross m a t e r i a l  v a r i a t i o n s  may be d iscerned from 
the  hos t  m a t e r i a l .  The s ignal - to-noise r a t i o ,  however, decreases r a p i d l y  as 
the f l a w  s i z e  becomes smal ler  than the thermal d i f f u s i o n  length,  r e s u l t i n g  i n  
poor d i  scernabi 1 i t y  from the  surround4 ng m ic ros t ruc tu re .  F igure  38 shows the  
diameter and subsurface depth of t he  x-ray detected seeded voids i n  s i n t e r e d  
s i l i c o n  carbide. The smal les t  detected f l a w  was 180 pm i n  diameter t h a t  was 
equ iva len t  t o  5.2% x-ray th ickness s e n s l t i v i t y .  PAM detected 450 pm diameter 
voids a t  270 pm depth below the  i n t e r r o g a t i n g  surface, as shown i n  Figure 39. 
This depth was equ iva len t  t o  0.4 ps a t  fc - 40 Hz. Other seeded voids 
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Figure  31. PAM detec t ion  o f  surface cracks i n  hot-pressed s 
(NC132). Separate scans were made across t h e  middle o f  each 
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Figure  32. PAM de tec t i on  o f  2.0 Kg Knoop indenta t ions  i n  the  machined 
sur face of s i  n tered s i  1 i con  n i t r i d e .  
I t  i s  concluded t h a t  250 pm diameter s ide  d r i l l e d  holes can be detected 1.0 
mm below the  i n t e r r o g a t i n g  sur face i n  s in te red  s i l i c o n  carbide. However, 
spher ica l  seeded vo ids o f  450 pm diameter were  o n l y  detected up t o  270 pm 
depth below the  i n t e r r o g a t i n g  sur face i n d i c a t i n g  t h a t  f l aw  c h a r a c t e r i s t i c s  have 
a s i g n i f i c a n t  a f f e c t  on subsurface f l aw  d e t e c t a b i l i t y .  
7.3 NONDESTRUCTIVE EVALUATION OF GREEN SPECIMENS 
F o r t y - f i v e  bars w e r e  charac ter ized  by v i s u a l  i nspec t i on  and microfocus x-ray. 
Resul ts  o f  t he  v i s u a l  examination (10-30x1 revealed the  presence of ch ips (cor-  
ner  and edge), holes,  cracks,  and mounds o f  e x t r a  ma te r ia l  over the specimen 
sur face.  
some specimens. 
X-radiography examination o f  the  specimens detected i nc lus ions  i n  
Twenty-three bars were photoacoust ica l  l y  examined. The photoacoust i  c examina- 
t i o n  r e s u l t e d  i n  ma te r ia l  removal, d i s c o l o r a t i o n ,  and sur face hardening. The 
remaining specimens w e r e  no t  charac ter ized  by PAM t o  compare the e f f e c t  of the 
above sur face changes on the  s i n t e r i n g  behavior o f  the  m a t e r i a l .  I n  general , 
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F i g u r e  33. PAM d e t e c t i o n  o f  5.0 Kg Knoop i n d e n t a t i o n s  i n  t h e  machined 
sur face  o f  s i n t e r e d  s i l i c o n  n i t r i d e .  
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‘ \ y O K g  ’ TE87-1085 
F i g u r e  34. PAM d i g i t a l  image o f  as- indented Knoop cracks i n  t h e  machined 
s u r f a c e  o f  s i n t e r e d  s i l i c o n  n i t r i d e .  
b-,18.0 m-4 
O p t i c a l  
. . 0 .  .. 0 i; 3 4 5 6  7 sk i o  . 12 1 3 1 4  i;i6 0 
11 
Layout o f  seeded v o i d s  
0 - 5 0  pm d iameter  
0-20 pm d iameter  
Sur face:  #3,  5 ,  13 through 17 
I n t e r n a l :  #1,  2 ,  4 ,  6 through 1 2  TE87-1086 
F i g u r e  35. Layout o f  seeded voids i n  machined s i n t e r e d  s i l i c o n  n i t r i d e .  
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4.0mm Scan d i r e c t i o n  - ' .c 
Typica l  lmm f 0 T O  4 . 0 m  
1000 no l e  
D i a .  pm 7 50 500 250 D i g i t a l  image 
Hole D i a .  
( lJm) 
1000 750 500 250  
Analog d e t e c t i o n  
TE87-1088 
F i g u r e  37. PAM d e t e c t i o n  o f  subsurface s i d e - d r i l l e d  ho les  a t  1.0 mm 
below t h e  i n t e r r o g a t i n g  sur face  i n  s i n t e r e d  s i l i c o n  carb ide  
as-f i  r e d  specimen. 
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1 1 9  2 2  2 4 1 1 1 2  1 3 1 4  1 5  
2 0  21 3 1 6 1 7  1 8  5 6 8 10 
Flaw F l a w  Dimensions, pm X-ray 
# D ? ame t e r Depth Detect lon 
1 451  2 7 0  
2 451 2 7 0  
3 451 2 7 0  
4 451  81 2 
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16 
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7 2 2  
7 2 2  
7 2 2  
7 2 2  
19 180 - 
2 0  180 - 
2 1  180 - 
2 2  180 - 
D-Detected TE87-1089 
F igure  38. Detec t ion  o f  seeded vo ids i n  s in te red  s i l i c o n  carb ide 
by m i  croradiography. 
w e r e  a l s o  detected.  An excessive amount o f  ma te r ia l  was removed from the  spec- 
imen surfaces and the topography o f  the  scanned reg ion  va r ied  s i g n i f i c a n t l y  
between specimens, i n d i c a t i n g  v a r i a b i l i t y  i n  the  ma te r ia l  m ic ros t ruc tu re .  
7.4 NONDESTRUCTIVE EVALUATION OF AS-FIRED SPECIMENS 
For ty - four  s i n t e r e d  bars were charac ter ized  by v i s u a l  i nspec t i on  and microfocus 
radiography. 
and excessive mounds o f  ma te r ia l  over the speclmen surface. Minute cracks w e r e  
observed on the  sur face i n  the area where the green bars w e r e  examined by PAM 
and m a t e r i a l  v o l a t i l i z e d  p r i o r  t o  s i n t e r i n g .  
shown i n  F igure  40, w h i l e  o thers  had e x c e s s i v e  crack ing,  as shown i n  F igure 41. 
The crack l i n e s  and spacing between the  l i n e s  occurred due t o  r a s t e r  and i n -  
cremental scanning i n  the  green s ta te .  Nonuniform shrinkage and s t r e s s e s  on 
s i n t e r i n g  opened the  shal low cracks.  
Resul ts  o f  the  v i sua l  examination revealed the  presence o f  ch ips 
Some bars showed no crack ing,  as 

























/ I 5 x  
PAM d i g i t a l  image TE87-2183 
F i g u r e  39. D e t e c t i o n  o f  subsurface seeds voids i n  a s - f i r e d  
s i  ntered s i  1 1  con c a r b i d e .  
TE87-2105 
F i g u r e  40. PAM scanned r e g i o n  o f  specimen no. A32 o f  s i l i c o n  n i t r i d e  
a f t e r  s i n t e r i n g .  
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OF POOR QUALITY 
Region not scanned 
In green s t a t e  
Regton scanned prior to sintering 
r€E?-1090 Reg.ton scanned prlor to sfntertng 
F 
para1 1 e l  
gure 41. PAM scanned and unscanned reg ion  o f  a s in te red  s i l i c o n  
n i t r i d e  specimen (no. A l l .  
t o  t he  scanning and s t ress ing  d i r e c t i o n  i n  f l e x u r a l  t e s t i n g .  The 
cracks w i l l  be e l im ina ted  du r ing  machining and are  no t  expected t o  have any 
de t r imenta l  a f f e c t  on the  s t rength .  X-radiography examination detected dens i t y  
v a r i a t i o n s  r e f l e c t i n g  the  e f f e c t  o f  e x t r a  mounds o f  ma te r ia l .  
Two sur faces o f  each bar  were evaluated us ing  opt imized PAM parameters. 
PAM d i g i t a l  image o f  a1 1 the  specimens revealed l a r g e  number o f  f laws even a f -  
t e r  50% s i g n a l  t h r e s h o l d i n g .  The a s - f i r e d  sur face  had an excessive  amount o f  
mounds o f  m a t e r i a l  t h a t  s i g n i f i c a n t l y  a f f e c t e d  the PAM s i g n a l .  No c o r r e l a t i o n  
between the  PAM da ta  and o p t i c a l  da ta  was observed. 
The 
7.5 NONDESTRUCTIVE EVALUATION OF MACHINED SPECIMENS 
Machining o f  ceramic ma te r ia l s  removes a l a r g e  number o f  f laws from the  as- 
f i r e d  sur face and in t roduces new sur face f laws and/or exposes subsurface f laws 
i n  MOR specimens. 
as t i g h t  sur face cracks.  
v e l o c i t y ,  f l uo rescen t  penetrant ,  v i sua l  inspec t ion ,  microfocus radiography, 
These f laws could be voids,  i nc lus ions ,  and machining damage 
Machined specimens w e r e  charac ter ized  by u l t r a s o n i c  
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u l t r a s o n i c  C-scan imaging, and photoacoust ic 
f a i  1 u re  c o n t r o l  1 i ng f 1 aws. 
microscopy t o  de tec t  c r i  t i c a l  
ty, and u l t r a s o n i c  wave ve loc Table V I  shows the  measured dimensions, dens t Y  - 
The average l o n g i t u d i n a l  wave v e l o c i t y  was 10,726 meters/sec and shear wave 
v e l o c i t y  was 6,010 meterslsec.  
cu la ted  t o  be 0.271. 
t he  commercial ly a v a i l a b l e  s i n t e r e d  s i l i c o n  n i t r i d e  ma te r ia l s .  
penet ran t  i nspec t i on  ( F P I )  and v i s u a l  examination revealed s i m i l a r  k inds  of  
The Poisson's r a t i o  us ing  equat ion (4) was ca l -  
The f l uo rescen t  
These measurements a re  cons is ten t  w i t h  the  p r o p e r t i e s  of 
microscopic d i s t r i b u t i o n  o f  sca t te red  sur face p o r o s i t y  over the  surface area 
of t he  bars.  
w i t h  l e s s  na tu ra l  f laws compared w i t h  the  opposi te  surface. 
t he  l e a s t  number o f  f l a w  i n d i c a t i o n s  was se lected f o r  u l t r a s o n i c  and photo- 
acous t ic  eva lua t i on  as shown i n  Table V I I .  
du r ing  subsequent f l e x u r a l  t e s t i n g .  Op t i ca l  micrographs (7x1 o f  t he  se lected 
sur face o f  each specimen i s  shown i n  Appendix I. Machining marks p a r a l l e l  t o  
t h e  specimen leng th  and wh i te  specular areas, shown i n  F igure 42A, were  present  
over  the  specimen surfaces and could n o t  be removed by u l t r a s o n i c  c lean ing  i n  
acetone. I n  a d d i t i o n ,  randomly d i s t r i b u t e d  pores o f  30 t o  70 microns i n  s i ze  
were  observed, shown i n  F igure  428, i n  some specimens l a r g e l y  ou ts ide  the  PAM 
scanning reg ion .  The a s - f i r e d  specimens w e r e  machined. Therefore,  i t  i s  be- 
l i e v e d  t h a t  m ic roporos i t y  must be present  through the  th ickness of t he  speci- 
mens which must have r e s u l t e d  because of  poor q u a l i t y  raw mate r ia l s  and/or i n -  
adequate process c o n t r o l .  The e n t i r e  surface area w i t h i n  the  two b lack  l i n e s  
on each photograph i n  Appendix I up t o  the  beveled edge was charac ter ized  by 
PAM. 
Also, about 75% o f  the  specimens had one sur face ( l e n g t h  x width)  
The sur face w i t h  
The same sur face was p u t  i n  tens ion  
Table V I .  
Measurement o f  DroDert i  es of machined s in te red  S i 7 ~ H 4 ~  - 
Average Standard dev ia t i on  
Length, cm ( i n . )  
Width, cm ( i n . )  
Thickness, cm ( i n . )  
Densi ty,  gms/cc 
Ve loc i t y ,  m e t e r s l s e c  
Long i tud ina l  
Shear 

























Table V I I .  
S e l e c t i o n  o f  machined spec imen surfaces f o r  nondestruct ive eva lua t i on  
Gharac t e r i  z a t  1 on. 
Specimen 










A1  3 
A1  4 
A1  5 
A1  6 
A 1  7 








p-s t ruc tu re*  ana lys i s  



































































T--top sur face  
B--bottom sur face 
*These specimens w e r e  used t o  fab r i ca te  re ference standards fo r  PAM parameter 
o p t i m i z a t i o n  s tud ies  or mic ros t ruc tu re  ana lys is .  
Microradiography revealed (as shown i n  Table VIII) pores, h igh  d e n s i t y  i n c l u -  
s ions,  and sca t te red  low dens i t y  v a r i a t i o n s .  I r o n  i m p u r i t y  i n  the  s t a r t i n g  
powder was probably  respons ib le  f o r  the  presence of most o f  the  i nc lus ions .  
The low d e n s i t y  v a r i a t i o n s  w e r e  genera l l y  ou ts ide  the  19.0 mm ou te r  span reg ion  
of t he  4 p o i n t  l oad ing  p o s i t i o n s  o f  the  MOR bar,  and i n  general ,  c o r r e l a t e d  
q u a l i t a t i v e l y  w i t h  the  p o r o s i t y  d i s t r i b u t i o n  observed i n  FPI and v i s u a l  and 
o p t i c a l  examinations. I n d i v i d u a l  f laws were detected i n  12 specimens w i t h i n  
the  9 .53  mm inne r  span of  the  4 p o i n t  f l e x u r a l  t e s t  specimen. The measured 
diameter o f  the  smal lest  f l a w  was 50 pm which i s  equ iva len t  t o  1.8% o f  x-ray 
th ickness s e n s i t i v i t y .  
gard ing the  l o c a t i o n  o f  the  defects  r e l a t i v e  t o  the t e n s i l e  sur face o f  the  bend 
t e s t  specimens. 
The radiography data does no t  con ta in  i nformat ion r e -  
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Table V I I I .  
Flaw de tec t  i o n  bv microradioaraphv i n  machined s in te red  s i l i c o n  n i t r i d e .  
A2, A5, A6 
A7 




A15, A16, A17, A18, 




















Pesc r i p t i o n  o f  f l a w  detec t  i o n  
No f l a w  detected 
I n c l ,  OS, 50 pm diameter 
No f l a w  detected 
I n c l ,  OS, 200 pm x 100 pm 
I n c l ,  I S ,  50 pm diameter 
3 I n c l s ;  2 - 200 pm diameter, I S ;  1 - 50 pm d ia ,  OS 
No f law detected 
Scat tered low dens i t y  v a r i a t f o n s  pore, I S ,  100 pm x 
150 pm 
2 I n c l s ;  200 pm d ia ,  OS; 50 pm x 100 pm, I S  
No f l a w  detected 
Pore, I S ,  50 pm d i a  
Scat tered low dens i t y  v a r i a t i o n s  
I n c l ,  I S ,  200 pm d i a  
Pore, I S ,  50 pm x 100 pm 
Scat tered low dens i t y  v a r i a t i o n s  
No f l a w  detected 
I n c l ,  I S ,  50 p m  x 100 p m  
No f l a w  detected 
I n c l ,  I S ,  50 pm x 100 pm 
No f l a w  detected 
Scat tered low dens i t y  var ia t ions--pore,  I S ,  100 pm x 
200 pm 
I n c l ,  I S ,  50 pm x 100 pm 
Scat tered low dens i t y  v a r i a t i o n s ,  OS 
Scat tered low dens i t y  v a r i a t i o n s ,  OS--pore, I S ,  75 pm 
d i  a 
Scat tered low dens1 ty  v a r i a t i o n s ,  OS 
Inc l - -High d e n s i t y  i n c l u s i o n  
IS-- ins ide the  9.53 mm i nne r  span o f  the  4 p o i n t  load ing  p o s i t i o n s  
OS--outside the  9.53 mm Inne r  span o f  the  4 p o i n t  load ing  p o s i t i o n s  
F igure  43 shows t h a t  seven na tu ra l  and simulated surface vo ids i n  a s in te red  
s i  l i c o n  carb ide reference standard were detected by u l t r a s o n i c  C-scan imaging. 
Table I X  shows the  measured f l a w  s i t e s  by o p t i c a l  micrography (50 t o  200x1 and 
acous t ic  grey scale images. The smal lest  s imulated ho le  was 38 pm deep and 
c l e a r l y  shows t h a t  shal low sur face f laws can be reso lved from the  sur face top0 
graph ica l  v a r i a t i o n s .  The smal les t  detected na tu ra l  surface pore was 40 pm 
x 64 pm i n  s i z e  measured i n  the  p lane o f  the  surface. Grey scale modulations 
i n  the  u l t r a s o n i c  image w e r e  observed across the sur face of  the  specimen, i n -  




Table I X .  
ComDari son of oD t i  c a l  and u l  t rason i  c measured su r f a c e  D . o r e  s i ze .  
Type of  O D t i c a l  f l a w  size--pm 111 t rason i  c f 1 aw s i  ze--pm 
_Dore D i r e c t i o n  x D i r e c t i o n  y Depth D i r e c t i o n  x D i r e c t i o n  y 
Simulated 468 468 113 505 577 
Natura l  40 64 -- 108 144 
Natura l  103 120 -- 144 180 
Simulated 238 238 89 253 289 
Natura l  40 95 -- 108 144 
Natura l  71 95 -- 144 144 
S i  mu 1 a ted  159 159 38 216 21 6 
pared t o  the  aforementioned de fec t  were being detected. Op t i ca l  examination 
showed random d i s t r i b u t i o n  o f  a l a r g e  number o f  very  small pores on the  surface 
b u t  no c o r r e l a t i o n  w i t h  the  C-scan image was poss ib le .  The l a r g e r  f law s i z e  
determined from the  acous t ic  images, as shown i n  Table IX, compared t o  the  op- 
t i c a l  images i s  predomi n a n t l y  a f f e c t e d  by the  t ransducer f o c a l  spot diameter 
t h a t  i s  about 144 pm. 
sonic  w i t h  a l l  t he  unknown specimens t o  asce r ta in  the  r e p e a t a b i l i t y  o f  surface 
f law de tec t i on .  U1 t rason ics  detected sur face machining marks, d i s c r e t e  flaws, 
and o t h e r  surface anomolies i n  the  machined s i l i c o n  n i t r i d e  specimens. 
example, F igure  44A shows t h a t  t he  grey scale v a r i a t i o n  i n  the  C-scan image i s  
due t o  t h e  machining marks. 
pore and grey scale v a r i a t i o n s  due t o  sca t te red  p o r o s i t y  o f  30 t o  70 micron i n  
s i z e  on the  sur face . 
The reference standard specimen was imaged by u l t r a -  
For 
F igure 44B revea ls  de tec t i on  o f  d i s c r e t e  sur face 
Photoacoust ic examination o f  t h e  se lected t e n s i l e  surface o f  t he  specimens was 
conducted us ing  the  opt imized experimental parameters for t he  d e t e c t i o n  o f  
t i g h t  sur face  crack and i n t e r n a l / s u r f a c e  vo ids o f  20 t o  30 pm s i z e  i n  ma- 
chined s i n t e r e d  s i l i c o n  n i t r i d e  reference standards us ing  these cond i t ions .  
The t o t a l  surface area o f  75.5 s q  cm, 15.4 cm length,  and 4.9 cm wid th  o f  each 
specimen was charac ter ized  by PAM and the  d i g i t a l  image data accumulated on a 
f loppy d i s k .  
scopy i s  an e x t r e m e l y  s e n s i t i v e  technique which de tec ts  minute mic ros t ruc-  
t u r a l  v a r i a t i o n s .  
random s igna ls  t h a t  r e s u l t e d  i n  an e x t r e m e l y  c l u t t e r e d  p i c t u r e .  
v i s u a l i z a t i o n ,  r e s o l u t i o n ,  and q u a n t i f i c a t i o n  requ i red  s igna l  t h resho ld ing  
The ana lys i s  o f  the  PAM images revealed t h a t  photoacoust ic  micro- 
The PAM raw data image had an excessive number o f  low l e v e l  
D i sc re te  flaw 
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TE87-2232 
( B )  
sur face  p o r o s i t y .  
F i g u r e  42. ( A )  Machining marks and w h i t e  sur face  a r e a .  ( B )  S c a t t e r e d  
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Sirnul a ted holes 
Natural pores ~€87-2233 
Figure 43. U l t r a s o n i c  surface f l a w  d e t e c t i o n  i n  s i n t e r e d  s i l i c o n  
carb ide reference standard. 
(suppression or subt rac t ion)  and magn i f i ca t ion  o f  t h e  image. 
var ious shapes and dimensions were  detected i n  each specimen; there fore ,  a p r i -  
o r i  i d e n t i f i c a t i o n  o f  t h e  f a i l u r e  c o n t r o l l i n g  f l a w  was n o t  p r a c t i c a l .  
Many f laws of 
7.6 MECHANICAL TESTING 
T h i r t y - e i g h t  MOR specimens were  mechanical ly tes ted  i n  a four -po in t  f i x t u r e  
f a b r i c a t e d  t o  NASA-LeRC drawing CF 302763. 
quar te r -po in t  load ing  w i t h  an i n n e r  span o f  9.5 mm and ou ter  span o f  19.0 mm 
a t  a cross-head o f  0.5 mmhin.  
The specimens were  s t r e s s e d  i n  
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Ul t rason ic  A 5  
Optical A58 \ 
T t87-2234 U l t rason ic  A58 
Figure  44. U l t r a s o n i c  C-scan grey scale imaging, ( A )  de tec t i on  o f  
machining marks (B)  de tec t i on  o f  sur face pores. 
The average s t reng th  o f  t he  ma te r ia l  i s  685.3 MPa (99.4 ks i )  w i t h  a standard 
d e v i a t i o n  o f  119.2 MPa (17.3 ks i ) .  
w i t h  t h e  measured s t reng th  o f  about 650 MPa (94.3 ks i )  and a standard dev ia t i on  
of 95 MPa (13.8 ks i )  by Sanders and Baak l i n i  ( R e f  12, 13) f o r  the  s i m i l a r  gen- 
f l e x u r a l  s t reng th  data,  shown i n  F igure 45 y i e l d e d  a Weibul l  modulus m = 6.5 
and c h a r a c t e r i s t i c  s t reng th  u0 = 730.9 MPa (106.3 ks i ) .  
7.7 FRACTOGRAPHY 
This s t rength  i s  i n  e x c e l l e n t  agreement 
I e r a t i o n  o f  s i n t e r e d  s i l i c o n  n i t r i d e .  A two-parameter Weibul l  ana lys is  o f  the 
The f r a c t u r e  sur face o f  each broken specimen was v i s u a l l y  examined under 30X 
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68.95 689.5 6895.0 
Strength (MPa) TE87-992 
Figure  45. Weibul l  ana lys is  o f  batch A s in te red  s i l i c o n  n i t r i d e .  
f laws.  Each broken specimen was photographed t o  determine the  x,  y, and z 
coord inates o f  the f a i l u r e  o r i g i n s  f o r  nondestruct ive eva lua t ion  (NDE) c o r r e l -  
a t i o n  s tud ies .  Scanning e l e c t r o n  microscope (SEMI f ractography o f  a l l  the  
specimens was conducted a t  500X t o  measure the  f l aw  depth (a),  w id th  (Zc),  and 
the l o c a t i o n  ( 2 )  through the th ickness.  
c o n t r o l  sur face and subsurface f a i l u r e s .  Table X shows the  measured f l e x u r a l  
s t rength ,  f l a w  s ize ,  and type o f  f a i l u r e  c o n t r o l l i n g  de fec ts  and t h e i r  loca- 
t i o n .  An analysis of t h e  f a i l u r e  o r i g i n s ,  Table XI, shows t h a t  60% o f  the  
f a i l u r e s  w e r e  f rom sur face f laws and 32% from i n t e r n a l  de fec ts .  
8% specimen e i t h e r  had damaged o r i g i n  or f a i l e d  i n  the  bevel reg ion.  
Pores and inc lus ions  were found t o  
The remaining 
7.8 CORRELATION 
Flaw De tec t i on  bv Various NDE Techniques 
Resul ts  of nondest ruc t ive  eva lua t ion  (NDE) and de tec t i on  o f  f a i l u r e  c o n t r o l l i n g  
sur face and i n t e r n a l  de fec ts  (pores and inc lus ions )  i n  s i n t e r e d  s i l i c o n  n i t r i d e  
MOR bars a re  summarized i n  Table XII. Frac ture  i n i t i a t i n g  f laws w e r e  detect -  
ed i n  (1) one specimen by a l l  f o u r  NDE techniques, (2) th ree  specimens by both 
Table X. 
F lexu ra l  s t rena th  and f a i l u r e  a n a l y s i s  o f  ba tc  h-A s i n t e r e d  s i l i c o n  n i t r i d e .  
F1 exura l  Measured 





































































A5 9 100.3 
A65 113.1 
Std. Dev. 17.3 
Avg . 99.4 
S --surface 
P --pore 


















































































Inc- - i  n c l u s i o n  
BTS--below tens? l e  sur face  
Or1 g i  n damaged 
S, I n c  
S, I n c  
S, I n c  
s, p 
S, I n c  
s, p 
s ,  p 
s, p 
S, I n c  
I, Inc ,  48 p m  BTS 
s, p 
s, p 
I, Inc ,  42 pm BTS 
s, p 
I, P, 80 p m  BTS 
I, P, 22 pm BTS 
s, p 
I, P, 71 pm BTS 
I, P, 60 pm BTS 
I, P, 78 pm BTS 
O r i  g i  n damaged 
I, P, 72 pm BTS 
s, p 
s, p 
I, I n c ,  70 pm BTS 
s, p 
I, P, 23 pm BTS 
s, p 
I, P, 28 pm BTS 
s, p 
I, P, 68 pm BTS 
s, p 
s, p 
S, Machining damage 
s, p 
S, I n c  
S, I n c  
Note: The s t r e n g t h  o f  t h e  specimens t h a t  f a i l e d  from i n t e r n a l  f laws has been 
I co r rec ted  t o  represent  ac tua l  s t ress  a t  t h e  f law.  
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Table X I .  
Analvs is  o f  f a i l u r e  o r i s i n s  i n  
machined S i &  bars. 
Number Number o f  Specimens f a i l e d  from 
o f  Damaged Surface I n t e r n a l  Bevel 
t e s t  bars g r i  a i  n Pores Inc lus ions  Pores  Inc lus ions  Fai  1 u r e  
38 2 16 7 9 3 1 
Percentage 5 42 18 24 8 3 
PAM and microradiography, and ( 3 )  twenty specimens by PAM alone. Frac ture  con- 
t r o l l i n g  flaws w e r e  n o t  detected i n  f o u r  specimens by any o f  t h e  NDE techniques 
used. No c o r r e l a t i o n  was poss ib le  i n  t e n  specimens as f o l l o w s :  f a i l u r e  s i t e  
o f  seven specimens co inc ided w i t h  PAM s igna ls  f rom the  a r t i f a c t s  i n  t h e  PAM 
c e l l  window, o r i g i n  was l o s t  i n  two specimens, and one specimen f a i l e d  i n  the  
bevel reg ion .  
O p t i c a l  micrography d i d  no t  reveal  small sur face de fec ts  a t  t h e  7 X  magnifica- 
t i o n .  I t  was a l s o  observed t h a t  the  anomalies could n o t  be d i f f e r e n t i a t e d  from 
each o the r  a t  h igher  magn i f i ca t i on  because o f  poor con t ras t  and t h e  l a r g e  num- 
ber  o f  s i m i l a r  s i z e  f laws.  U l t rason ic  C-scan grey sca le  imaging (10x1 was per- 
formed w i t h  an incremental  scan o f  63 pm which i s  2 t o  3 t i m e s  l a r g e r  than 
t h e  f a i l u r e  i n i t i a t i n g  de fec ts  o f  20-30 pm s ize,  and the re fo re  d i d  n o t  pos- 
sess requ i red  l i n e  r e s o l u t i o n  t o  de tec t  small f laws.  Also,  a l a r g e  p o r t i o n  o f  
t h e  i n c i d e n t  u l t r a s o n i c  wave i s  sca t te red  by the  i r r e g u l a r  shaped f laws and 
less  energy i s  rece ived back by the  t ransducer,  thereby s u b s t a n t i a l l y  decreas- 
i n g  t h e  s ignal - to-noise r a t i o .  I t  should be noted t h a t  a 50 micron nominal 
d iameter surface v o i d  was repeatedly  detected under t h e  same exper imental  con- 
d i t i o n s  i n  t h e  reference specimen as shown i n  F igure 43. Therefore,  i t  i s  hy- 
pothes ized t h a t  smal ler  f laws can be detected by decreasing t h e  scanning i n -  
crement and inc reas ing  t h e  u l t r a s o n i c  frequency which would r e s u l t  i n  improved 
s ignal - to-noise r a t i o .  P r o j e c t i o n  microradiography detected f laws i n  o n l y  f i v e  
specimens because o f  t h e  low magn i f i ca t i on  (5X) used and t h e  very small  s i z e  o f  
t h e  f laws r e l a t i v e  t o  the  specimen th ickness.  
a ted w i t h  f a i l u r e  i n i t i a t i n g  s i t e s  o f  28 specimens. 
c o n t r o l l i n g  sur face and subsurface f laws (pores and inc lus ions )  i n  24 of t h e  28 
specimens w i t h i n  +200 pm o f  the  measured x-y coordinates o f  the  f laws.  
PAM d i g i t a l  images w e r e  c o r r e l -  
PAM detected f r a c t u r e  
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Table X I I .  













































I n c  
Fai 1 u re  o r1  a i  n 
Or1 g i  n damaged 
S, I n c .  
S, I n c .  
S, Inc .  
s,  p 




S, I n c .  
s,  p 
S, I nc .  
S, I n c .  
- 
= detected 
= no t  detected 
= sur face 
= i n t e r n a l  
= pore 
= i n c l u s i o n  
techn i  aues. 
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D ND 
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A r t i f a c t  = hand l ing  damage i n  PAM c e l l  window coinc ided w i t h  f a i l u r e  o r i g i n s  
~ 68 
The +ZOO pm e r r o r  i n  the  measurement o f  the de fec t  coord inates occurred 
because the  f r a c t u r e  sur face o f  the  specimens could no t  be maintained perpen- 
d i c u l a r  t o  the  o p t i c a l  a x i s  wh i l e  photographing. 
graphs o f  t he  f a i l u r e  o r i g i n s  a re  compiled i n  Appendix 11. 
PAM images and SEM micro- 
The d e t e c t i o n  o f  a f l a w  depends on the p roper t i es  o f  the mate r ia l  i n  the  v i c i n -  
i t y  o f  t he  de fec t .  For example, specimen no. A55 f a i l e d  f rom the  l a r g e s t  f rac- 
t u r e  c o n t r o l l i n g  sur face pore o f  105 pm diameter which was detected o n l y  by 
photoacoust ic  microscopy as shown i n  F igure 46.  
p r o p e r t i e s  o f  t he  f l a w  w e r e  d i f f e r e n t  compared w i t h  t h a t  o f  the  surrounding 
m a t e r i a l .  
revea ls  t h a t  a sur face pore,  54 pm x 83 pm, was detected i n  specimen no. A58 
by a l l  t he  NDE methods used, conf i rm ing  t h a t  f l a w  c h a r a c t e r i s t i c s  have a s ig -  
n i f i c a n t  i n f l u e n c e  on d e t e c t a b i l i t y  by a g iven technique. This  shows t h a t  a 
combination o f  NDE methodologies i s  requ i red  f o r  the r e l i a b l e  d e t e c t i o n  of  the 
f a i l u r e  i n i t i a t i n g  defects .  
pores and i n c l u s i o n s  detected o n l y  by PAM. 
have been detected as shown i n  Table 111 by microradiography. 
t h e r  development of  both X-ray and u l t r a s o n i c  technology i s  essen t ia l  t o  rou- 
t i n e l y  cha rac te r i ze  s t r u c t u r a l  ceramic ma te r ia l s  and components t o  de tec t  
C lea r l y ,  o n l y  the  thermal 
This  f l a w  was no t  detected by u l t r a s o n i c  and radiography. F igure  47 
Figures 48 and 49 show t y p i c a l  examples o f  small 
S i m i l a r  s i z e  seeded spher ica l  vo ids 
Undoubtedly, fur-  
SEM 
PAM image 
m i  -4389 
Figure  46. Detec t ion  o f  surface pore by photoacoust ic microscopy i n  
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l n t e r n a l  por 
No.  A34 
a = 2 1  
2c = 4 4  
PAM 
lE87-4391 
F igure  48. Detec t ion  o f  pores i n  machined s in te red  s i l i c o n  n i t r i d e  
specimen nos. A23 and A34. 
10 t o  40  micron s i z e  na tu ra l  i r r e g u l a r  f laws w i t h  l a r g e  v a r i a t i o n s  i n  
aspect r a t i o .  
Flaw c h a r a c t e r i s t i c s  a l s o  have a s i g n i f i c a n t  e f f e c t  on f l a w  s i z i n g  by u l t r a -  
sonic,  microradiography, and photoacoust ic microscopy. Tab1 e X I X I  shows the  
measured s i z e  o f  t he  f a i l u r e  i n i t i a t i n g  f laws i n  f o u r  specimens by var ious  NDE 
techniques. 
t h ree  specimens and smal ler  f o r  one specimen compared w i t h  the  measured s i ze  by 
the X-ray. 
and PAM images a re  i n  good agreement, i n d i c a t i n g  t h a t  subsurface pores w i t h i n  
The f l a w  width,  D, determined from the  PAM images i s  l a r g e r  for 
The f l a w  length ,  2c or D ca l cu la ted  from the SEM micrographs Y '  
71 
Table X I I I .  
a rnpa r i  son of detected f l a w  s izes  by var ious NDE techniaues. 
Fractoa raphy 
Size+ O D t i  ca l  U1 t rason i  c PAM X-rav 
Dx Dy - -  Dx Dy - -  Dx Dy - -  Dx Dy - -  Spec1 men Type 2c* 
A27 I ,  p 25 ND ND ND ND 52 25 100 150 
A3 1 I, p 66 ND ND ND ND 130 75 50 50 
A34 I, p 44 ND ND ND ND 78 25 50 100 
A58 s, p 83 283 99 320 159 169 75 75 75 
+ = a l l  values a re  i n  microns 
I - i n t e r n a l  
S = sur face 
P - pore 
* = the  va lue o f  2c i s  the  same as D i n  o p t i c a l ,  u l t r a s o n i c ,  PAM, and X-ray. 
This  dimension i s  perpendicu lar  !o the  app l i ed  s t r e s s  i n  f l e x u r a l  t e s t i n g .  
one thermal  d i f f u s i o n  l e n g t h  can be de tec ted  and s i z e d .  The f l a w  l e n g t h  ob- 
t a ined  from the  microradiographs agree w i t h  the  PAM r e s u l t s  f o r  t he  two speci- 
mens bu t  a re  s u b s t a n t i a l l y  l a r g e r  f o r  t he  o the r  two specimens. 
t he  exper imental  parameters and ac tua l  f law type, shape, l o c a t i o n ,  and depth 
from the  i n t e r r o g a t i n g  sur face a f f e c t  the  PAM image and computed de fec t  s i ze .  
Ev ident ly ,  both 
C o r r e l a t i o n  Between PAM and Fractoa r aD h Y M a  e su e r d F 1 w  a S i z  c 
Resul ts  o f  PAM and f rac tography  measured f l a w  dimensions presented i n  F igure  
50 reveal  t h a t  f r a c t u r e  c o n t r o l l i n g  flaws of 10 t o  115 microns a re  overs ized 
by photoacoust ic microscopy w i t h  l a r g e  s c a t t e r  and o f f s e t .  The PAM measured 
dimensions, Dx, o f  t he  f a i l u r e  i n i t i a t i n g  f laws i n  the  x -d i rec t i on  (scanning 
a x i s )  a re  dep ic ted  i n  F igure  50 ( A )  as a f u n c t i o n  o f  f l a w  leng th  (2c) and f l a w  
depth (a) ,  respec t i ve l y .  
d i s t a n t  f rom the  abscissa and o rd ina te .  
w i t h  ' 2 c '  w i t h  a p o s i t i v e  o f f s e t  o f  about 60 2 10 pm from the  i d e a l  l i n e .  
This  i s  i n  e x c e l l e n t  agreement w i t h  the  o f f s e t  o f  50 pm obta ined f o r  t he  d i -  
ameter o f  the  t o p - d r i l l e d  holes,  shown i n  F igure  27. Therefore,  the o f f s e t  
appears t o  be more a f f e c t e d  by the  experimental cond i t ions  ( l a s e r  foca l  
Each p o i n t  on the  diagonal  o f  both the  p l o t s  i s  equi- 





i n c l u s i o n  
No. A65 
a = 22 pm 
2c = 25 pm 
I n t e r n a l  
1 n c l  us i o n  
No. A39 
a = 38 prn 
2c = 47 p m  
PAM Tmage 
PAM image 
TE87 - 4392 
Figure  49.  Detec t ion  o f  i nc lus ions  i n  machined s i l i c o n  n i t r i d e  specimen 
nos. A65 and A39. 
spot diameter,  scan speed, increment, t i m e  constant,  e t c )  than the  f l a w  length .  
The apparent width,  D, i s  s u b s t a n t i a l l y  g rea ter  than the  ac tua l  f l a w  depth 
(a) .  
na tu ra l  f laws.  
ranging f rom 12 t o  45 pm. 
f l a w  depth o f  15 pm. 
I t  i s  hypothesized t h a t  D, i s  a f f e c t e d  by the  subsurface na ture  of  the  
For example, Dx i s  about 60 pm f o r  a l l  f laws w i t h  depth 
Conversely, D, va r ies  f rom 50-100 pm f o r  a 
F igure  50(B) shows t h a t  PAM measured f l a w  s ize ,  
f l a w  leng th  (2c) which i s  i n  e x c e l l e n t  agreement w i t h  the  s i m i l a r  data on top- 
d r i l l e d  holes.  
from the  PAM images. 
, increases w i t h  the  ac tua l  
OY 
There are  f o u r  f l a w  s izes between 25 t o  100 microns as measured 
The 25 pm t o  50 pm f l a w  s i z e  corresponds t o  the  de- 
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f e c t  l eng th  f rom 10 t o  67 pm, t he  75 pm s i z e  r e l a t e s  t o  the  52 t o  83 pm 
length,  and the  100 pm s i z e  corresponds t o  the 105 pm defec t  leng th .  
i s  apparent t h a t  on the  average, PAM provides l a r g e r  f l a w  s i z e s  for f laws I 
100 pm i n  s ize .  As  t he  f l a w  length  increases, PAM measured s izes  a re  more 
comparable t o  ac tua l  f l a w  lengths w i t h  the  decreasing e f f e c t  o f  t he  experimen- 
t a l  cond i t ions .  The apparent length,  D i s  a l s o  g rea te r  than the  ac tua l  
f l a w  depth, shown i n  F igure  50(B). The value o f  D ranged between 25 t o  75 pm 
f o r  f laws w i t h  depths o f  12 t o  55 pm w i t h  l a r g e  s c a t t e r  and over lap .  
c l e a r l y  i n d i c a t e s  t h a t  t he  l a r g e  v a r i a t i o n  i s  p r i m a r i l y  due t o  the  s c a t t e r i n g  
o f  the  thermal waves from the  th ree  dimensional c h a r a c t e r i s t i c s  o f  the  na tu ra l  
f law.  
I t  
Y '  
Y 
This  
B r i t t l e  behavior o f  ceramics i s  c o n t r o l l e d  by both I n t r i n s i c  and e x t r i n s i c  
f laws.  The f l a w  c h a r a c t e r i s t i c s  and i n i t i a l  f l a w  d i s t r i b u t i o n  a f f e c t s  the  
f i n a l  f r a c t u r e  mode and behavior o f  s t r u c t u r a l  ceramic ma te r ia l s .  The combina- 
t i o n  o f  a l l  t he  va r iab les  r e s u l t s  i n  l a r g e  s c a t t e r  i n  the  s t reng th  d i s t r i b u t i o n  
o f  b r i t t l e  ceramics. F igure  51 shows the  p l o t  between f l e x u r a l  s t reng th  and 
f l a w  depth (a ) .  
i n  crack i n t e n s i t y  f a c t o r  a t  the f l a w  t i p  and i n t e r a c t i o n  between the  f laws 
which mod i f ies  the  f l a w  d i s t r i b u t i o n  and c h a r a c t e r i s t i c s .  F igure  52 shows t h a t  
there  i s  a general  t rend  o f  decreasing f l e x u r a l  s t rength  w i t h  i nc reas ing  f l a w  
leng th  f o r  both pores and inc lus ions .  I t  i s  I n t e r e s t i n g  t o  no te  t h a t  the  spec- 
imens which f a i l e d  f rom the  i nc lus ions  are i n  the  upper bound w h i l e  the  pore 
f a i l u r e s  a re  sca t te red  approximately equa l l y  on both s i d e s  o f  t h e  regressed 
l i n e .  Ba ra t ta ,  K i rchner ,  and Munz ( r e f  14-17) have a l s o  shown t h a t  f a i l u r e  
c o n t r o l l i n g  de fec ts  i n  b r i t t l e  ceramic ma te r ia l s  a re  genera l l y  assoc iated w i t h  
a crack developed du r ing  s t ress ing  the  specimen i n  f l e x u r a l  t e s t i n g .  The s i z e  
of  t h i s  c rack  depends on the  ma te r ia l  m ic ros t ruc tu re  and may be one or more 
g r a i n  s i z e  long. Both f l a w  depth (a) and de fec t  l eng th  (2c) may be undersized. 
Also,  t he  poor con t ras t  between the  f l a w  boundary and the  parent  ma te r ia l  leads 
t o  e r ro r  i n  the  measurement o f  de fec t  s i z e  f rom the f ractographs.  
many va r iab les  c o n t r i b u t e  t o  the s c a t t e r  observed i n  both the  f l e x u r a l  s t reng th  
and defect  s i ze .  
The l a r g e  s c a t t e r  I n  f l e x u r a l  s t rength  i s  due t o  v a r i a b i l i t y  
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Figure  51. F lexu ra l  s t reng th  as a f u n c t i o n  o f  measured f l a w  depth (a>  i n  
s i n t e r e d  s i l i c o n  n i t r i d e .  
C o r r e l a t i o n  Between PAM Sianal .  F lexu ra l  Strenuth.  and Flaw Size 
Photoacoust ic s igna ls  from f a l l u r e  I n i t i a t i n g  f laws,  as shown i n  F igure  53, 
d i d  n o t  c o r r e l a t e  w i t h  f l e x u r a l  s t rength,  f l a w  leng th  ( 2 ~ 1 ,  and depth (a).  
r e s u l t s  a l s o  i n d i c a t e  t h a t  PAM s igna ls  vary  s u b s t a n t i a l l y  f o r  a g iven depth or 
l eng th  fo r  bo th  sur face and subsurface pores and inc lus ions  w i t h  no t rend.  
Fur ther  ana lys i s  revealed t h a t  PAM s igna ls  were a l s o  randomly d i s t r i b u t e d  as a 
func t ion  of  t he  aspect r a t i o  of  the  defects.  Therefore, i t  i s  be l ieved t h a t  
th ree  dimensional c h a r a c t e r i s t i c s  o f  small defects  s i g n i f i c a n t l y  i n f l uence  the 
i n t e r a c t i o n  and s c a t t e r i n g  o f  the  thermal waves which r e s u l t s  i n  l a r g e  var ia -  




























A an - 
0 Surface Pore 
0 Internal Pore 




I I I I 1 I I I I 1 
FLAW LENGTH (2c). prn TE87-4395 
F i g u r e  52.  F l e x u r a l  s t r e n g t h  as a f u n c t i o n  o f  f l a w  l e n g t h  (2c )  i n  
s i n t e r e d  s i l i c o n  n i t r i d e .  
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VIII. SUMMARY OF RESULTS 
A r e a l  t i m e  Photoacoust ic Microscopy (PAM) d i g i t a l  data a c q u i s i t i o n ,  imaging, 
and ana lys i s  system was success fu l l y  developed and used t o  de tec t  sur face and 
subsurface ma te r ia l  and topographica l  v a r i a t i o n s  and f laws. Menu d r i v e n  a lgor -  
i thms were developed i n  machine language and implemented f o r  r a p i d  da ta  proces- 
s ing  t o  c rea te  PAM images, and perform f law l o c a t i o n  and s i z i n g .  
i s  capable o f  magni fy ing and s c r o l l i n g  images i n  a l l  f o u r  d i r e c t i o n s  on the  
CRT screen. 
s igna l  us ing  the  programmable th resho ld  func t i on .  
The software 
The raw data  images can be smoothed by sub t rac t i ng  the  background 
The system was app l ied ,  a long w i t h  microfocus radiography and u l t r a s o n i c  scan- 
n ing,  t o  nondes t ruc t i ve l y  evaluate s i l i c o n  n i t r i d e  specimens i n  the  green and 
s in te red  cond i t i ons  as w e l l  as t o  s in te red  s i l i c o n  carb ide.  Cor re la t i ons  w e r e  
ob ta ined between NDE i n fo rma t ion  and f a i l u r e  i n i t i a t i o n  s i t e s  i n  s i l i c o n  n i -  
tri de. 
1 .  
w e r e  reso lved i n  s i n t e r e d  s i  1 i con  n i t r i d e  w i t h  machined surfaces i n d i c a t i n g  
t h a t  sur face f l a w  r e s o l u t i o n  and s i z i n g  i s  p r i m a r i l y  i n f l uenced  by l a s e r  spot 
s ize .  
t o  one thermal d i f f u s i o n  l eng th  and remained e s s e n t i a l l y  f l a t  t he rea f te r .  
D r i l l e d  sur face holes 130 pm diameter x 28 pm deep and 8 pm apar t  
The magnitude o f  t he  PAM s igna l  increased l i n e a r l y  w i t h  ho le  depth up 
2.  
detected a t  a scan speed o f  50 pm/sec  bu t  no t  a t  250 pm/sec  i n  hot p ressed  
s i l i c o n  n i t r i d e .  
i n  bo th  hot-pressed and s i n t e r e d  s i l i c o n  n i t r i d e  w i t h  s i m i  l a r  machined sur face 
f i n i s h .  
T i g h t  96 p m  long sur face cracks induced by Knoop hardness indenters  w e r e  
Cracks 140 pm length  and l a r g e r  were detected a t  250 pm/sec  
3. 
depth, and d is tance apar t  were  s p a t i a l l y  resolved i n  both a s - f i r e d  and machined 
s i l i c o n  n i t r i d e .  S i d e - d r i l l e d  holes up t o  441 pm diameter were  detected up 
t o  a depth o f  573 pm below the  i n t e r r o g a t i n g  surface. Seeded voids 20 t o  50 prn 
diameter l oca ted  w i t h i n  50 pm below the  i n t e r r o g a t i n g  sur face w e r e  detected. 
Subsurface holes equ iva len t  t o  one thermal d i f f u s i o n  l eng th  i n  diameter,  
I 
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4. Seeded vo ids 450 pm diameter loca ted  270 pm below the  i n t e r r o g a t i n g  
sur face were  detected i n  a s - f i r e d  s i l i c o n  carbide. Subsurface s i d e - d r i l l e d  
holes o f  250 pm diameter and 1000 pm below the  sur face w e r e  detected. 
5. 
(a) 
ous NDE techniques. Photoacoust ic microscopy detected f r a c t u r e  c o n t r o l  11 ng 
flaws i n  twenty-four o u t  o f  t h i r t y - e i g h t  machined s i l i c o n  n i t r i d e  specimens. 
Thi  s compares w i t h  f o u r  by m i  crofocus radiography and one by  u l t r a s o n i c s .  
(b) Flaw s izes  were  c o n s i s t e n t l y  overest imated by PAM w i t h  a l a r g e  degree of 
s c a t t e r .  
(c)  The magnitude o f  t he  photoacoust ic  s igna l  va r ied  randomly f o r  a g iven f law 
depth, leng th ,  aspect r a t i o ,  and f l e x u r a l  s t reng th  w i t h  no t rend.  I d e n t i f i c a -  
t i o n  o f  s p e c i f i c  f l a w  types and s i z i n g  requ i res  a d d i t i o n a l  q u a n t i t a t i v e  i nves t -  
i g a t i o n  and t h e o r e t i c a l  understanding o f  thermal wave i n t e r a c t i o n  w i t h  f l a w  
cha rac te r i  s t i  cs. 
C o r r e l a t i o n  s tud ies  revealed the  fo l l ow ing :  
Flaw c h a r a c t e r i s t i c s  have a s i g n i f i c a n t  e f f e c t  on f l a w  d e t e c t i o n  by v a r i -  
6. The a p p l i c a b i l i t y  o f  t he  PAM technique was found t o  be l i m i t e d  as an i n -  
process nondest ruc t ive  eva lua t i on  t o o l  f o r  examination o f  s t r u c t u r a l  ceramic 
m a t e r i a l s  i n  the  green s t a t e  f o r  t he  f o l l o w i n g  reasons: 
(a) Surface holes 106 microns diameter w e r e  detected bu t  375 micron diameter 
ho les j u s t  50 microns beneath the  sur face were n o t  detected, i n d i c a t i n g  t h a t  
thermal waves were  r a p i d l y  damped and sca t te red  by the  h i g h l y  porous uns in te red  
compacts, severe ly  l i m i t i n g  the  a b i l i t y  o f  the technique t o  i n t e r r o g a t e  the  
i n t e r n a l  s t r u c t u r e  o f  these ma te r ia l s .  
(b) 
of t h e  specimen surface. Specimens subsequently s in te red  developed sur face 
microcracks i n  the  photoacoust i  ca l  l y  scanned reg ions.  
e f fec t  o f  PAM precludes the  use of the  technique on components intended f o r  
use i n  t h e  as-s in tered cond i t i on .  
Laser scanning r e s u l t e d  i n  v o l a t i z a t i o n  o f  ma te r ia l  f rom and a l t e r a t i o n  
The apparent damaging 
7. 
a standard d e v i a t i o n  o f  119.2 MPa. The Weibul l  modulus o f  t he  ma te r ia l  was 
6.5 w i t h  a c h a r a c t e r i s t i c  s t reng th  o f  730.9 MPa. The m a j o r i t y  o f  specimens 
f a i l e d  f rom sur face and subsurface pores and inc lus ions .  
The room temperature f l e x u r a l  s t reng th  o f  the  ma te r ia l s  was 685.3 MPa w i t h  
80 
8. 
l e n g t h  (2c) both f o r  pores and inc lus ions ,  
which f a i l e d  from i n c l u s i o n s  was genera l l y  h igher  than f o r  specimens which 
f a i  l e d  from pores. 
F lexura l  s t rength  o f  s i l i c o n  n i t r i d e  was i n v e r s e l y  p r o p o r t i o n a l  t o  f l a w  
F lexura l  s t rength  f o r  specimens 
9. Microradiography detected (a) Seeded voids o f  20 t o  50 pm diameter h a -  
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APPENDIX I 
Opt1 ca l  micrographs o f  machined s in tered  s i  1 icon n i t r i d e  specimens, where 
T - Top surface 
B - Bottom surface 
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I APPENDIX I1 
Scanning e l e c t r o n  micrographs and photoacoust ic  microscopy d i g i t a l  images of 
f a i l u r e  i n i t i a t i n g  de fec ts  i n  machined s i n t e r e d  s i l i c o n  n i t r i d e .  
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